Studies on the effects of vanillin and related compounds on fruits and cultures of Capsicum frutescens by Bladon, Sarah Jane
STUDIES ON THE EFFECTS OF VANILLIN 
AND RELATED COMPOUNDS ON 
FRUITS AND CULTURES OF 
CAPSICUM FRUTESCENS 
by 
Sarah Jane Bladon BSc. 
A THESIS PRESENTED IN FULFILLMENT OF 
THE REQUIREMENTS FOR THE DEGREE OF 
DOCTOR OF PHILOSOPHY 
UNIVERSITY OF EDINBURGH 
1993 
DECLARATION 
I hereby declare that this thesis was composed 
by myself and the work described herein to be 
my own, except where indicated otherwise. 
Sarah J. Bladon 
Edinburgh, 1993 
ACKNOWLEDGEMENTS 
I wish to thank my supervisors, Professor M.M. 
Yeoman and Dr. M.B.W. MiedzybrOdZka for their helpful 
guidance throughout the experimental work and the 
preparation of this thesis. Thanks to all the members of 
Lab. 205 for their friendship and help, especially 
Margaret Boyd for her invaluable proof-reading of this 
thesis. I also wish to thank Dr. P. Bladon and Dr. D. 
Thomas for processing samples through nmr. 
I wish to thank the S.E.R.C. for providing financial 
support to enable me to carry out this work. 
I would also like to thank my parents for their 
encouragement and support during my studies. 
Finally, I would like to thank Ian Hansell, to whom 
this thesis is dedicated, for his patience and invaluable 
support throughout the preparation of this thesis. 
Sarah J. Bladon, 1993 
ABBREVIATIONS 
A absorbance 
Ac011 acetic acid 
AMP adenosine monophosphate 
ATP adenosine triphosphate 
°c degrees centigrade 
C41-I cinnamic 4-hydroxylase 
ca. approximately 
CI-I3CN deuteroacetonitrile 
cDc13 deuterated chloroform 
CHC13 chloroform 
o chemical shift 
CoA coenzyme A 
Ci Curie(s) 
cm centimetre(s) 




d.f degrees of freedom 
D20 deuterated water 
2,4-D 2, 4-dichlorophenoxyacetic acid 
dpm disintegrations per minute 
DT doubling time 
d.wt. dry weight 
ed(s). editor(s) 
e.g. for example 




F the variance ratio 
Fig(s). figure(s) 
f.wt. fresh weight 
g gram(s) 
h. hour(s) 
HC1 hydrochloric acid 
HPLC high performance liquid chromatography 
i.e. that is 
In.Hg inches of mercury 
KOH potassium hydroxide 
1 litre(s) 
loge natural logarithm 














mel. wt. molecular weight 
MS mean square 
NAD+ njcotinamide adenine dinucleotide 
(oxidised form) 
NADH nicotinamide adenine dinucieotide 
(reduced form) 
NADP+ nicotir,amjde adenine dinucleotide 
phosphate (oxidised form) 
NADPH nicotinamide adenine dinucleotide 




n.d. net detected 
nmr nuclear magnetic resonance 
nmr proton nmr 
nmr deuterium nmr 
N.S. not significant 
NaOH sodium hydroxide 
No. number 
p probability 
PAL phenylalanine ammonia lyase 
percent 
% D percent deuterium 
p. comm. personal communication 
pH negative log of the hydrogen ion 
concentration 
PPi inorganic pyrophosphate 
ppm parts per million 
p.s.i. pounds per square inch 
r correlation coefficient 
R mean relative growth rate 
rpm revolutions per minute 
Rt retention time 
SAH S-adenosyl-L-homocysteine 
SAN S-adenosyl-L-methionine 
S.E. standard error 
sec. second(s) 
S&H Schenk and Hildebrandt 
soln. solution 
spp. species 
SS sums of squares 
TCA trichloroacetic acid 
TLC thin layer chromatography 
l-D TLC one dimensional TLC 
2-D PLC two dimensional TLC 
PMS tetramethylsilane 
U.V. ultra violet 
Var. variety 
vol. volume 
v\v volume per volume 











CHAPTER 1:INTRODUCTION 	 1 
CHAPTER 2 :MATERIALS AND METHODS 	 34 
2.1 Plant Material 	 35 
2.2 Tissue and Cell Culture of C. frutescens 	 36 
2.2.1 Media Preparation 	 36 
2.2.2 sterilization Procedures 	 36 
2.2.2.1 sterilization of Apparatus and 
Instruments 	 36 
2.2.2.2. Surface Sterilization of Plant 
Material 	 36 
2.2.3 Initiation and Maintenance of C.frutescens 
Cultures 	 37 
2.2.3.1 Callus Cultures 	 37 
2.2.3.2 Suspension Cultures 	 37 
2.2.3.3 Culture Conditions 38 
2.3 Measurement of Growth Parameters 	 38 
2.3.1 Measurement of Fruit Growth 38 
2.3.2 Measurement of Culture Growth 	 39 
2.3.2.1 Determination of Fresh weight 	 39 
2.3.2.2 Determination of Dry weight 39 
2.3.2.3 Determination of Cell Number 	 39 
2.4 Delivery of Capsaicin Precursors to C. frutescens 
in vivo 	 40 
2.5 synthesis of Deuterated and Glucosylated Vanillin 40 
2.5.1 Synthesis of [5- 2H]Vanillin 	 40 
2.5.2 Synthesis of -d-G1ucosidovanillin 	 45 
2.6 Extraction Procedures 	 46 
2.6.1 Extraction of Unbound Phenylpropanoids and 
Capsaicinoids from Suspension Culture Medium 	46 
2.6.2 Fractionation of Phenolic Compounds from 
Cell Tissue 	 - 	48 
2.6.3 Isolation of Soluble Protein from Tissue 50 
2.6.4 Solubilization of 'Lignin Like' Material in 
the Cell Residue 	 50 
2.6.5 Fractionation of Water Soluble Phenolics 
from Fruits 	 51 
2.7 Analytical Techniques 	 53 
2.7.1 Thin Layer Chromatography 	 53 
Vi 
2.7.1.1 Separation of Compounds 	 53 
2.7.1.2 Visualization of Compounds 	 53 
2.7.2 High Performance Liquid Chromatography 	55 
2.7.2.1 Sample and Solvent Preparation 	 55 
2.7.2.2 Chromatographic Conditions 	 56 
2.7.3 Liquid Scintillation Counting 56 
2.7.4 Nuclear Magnetic Resonance 	 60 
2.7.4.1 1ii nmr 	 60 
2.7.4.2 2H nmr 62 
2.8 statistical Treatment of Data 	 62 
2.8.1 standard Error of the Mean 62 
2.8.2 Regression Analysis 	 62 
2.8.3 Analysis of Variance 63 
2.8.4 Arcsin Transformation 	 63 
CHAPTER 3:RESULTS 	 64 
3.1 Measurement of Growth and Development of C. 
frutescens Suspension Cultures 	 67 
3.1.1 Fresh Weight 	 68 
3.1.2 Dry Weight 70 
3.1.3 Cell Number 	 72 
3.1.4 Estimation of Average Cell Size 	 72 
3.1.5 pH of the Culture Medium 	 74 
3.1.6 Comparison with Other Cultures 	 76 
3.1.7 selection of Time Points for Feeding 
Experiments 	 76 
3.2 The Effect of Added Ferulic Acid on Phenolic 
Metabolism in Suspension Cultures of C. frutescens 80 
3.2.1 A Preliminary Experiment to Investigate the 
Effect of Ferulic Acid on Phenolic Metabolism in 
Suspension Cultures 80 
3.2.2 The Effect of Different Concentrations of 
Ferulic Acid on Phenolic Metabolism in Suspension 
Cultures of C. frutescens 87 
3.2.2.1 Compounds Extracted from the Medium of 
Suspension Cultures 88 
3.2.2.2 Compounds Accumulated in the Cells of 
Suspension Cultures 93 
3.2.2.3 Estimation of the Total Amount of 
Ferulic and Caffeic Acid Present in Cultures 97 
3.2.3 The Effect on Phenolic Production of Joint 
Feeding of Ferulic Acid with either Caffeic or 
Coumaric Acid 99 
3.2.3.1 Compounds Extracted from the Medium of 
Suspension Cultures 	 - 100 
3.2.3.2 Compounds Accumulated in the Cells of 
Suspension Cultures 102 
3.3 The Effect of Vanillin on Aspects of Primary and 
Secondary Metabolism in C. frutescens Suspension 
Cultures 	 109 
VII 
3.3.1 The Effect of Vanillin on Phenolic 
Metabolism in Suspension Cultures of C. .trutescens 109 
3.3.1.1 The Effect of Vanillin on Phenolic 
Production in 19d. old Suspension Cultures of 
C. frutescens 109 
3.3.1.1.1 Compounds Extracted from the 
Medium of Suspension Cultures 110 
3.3.1.1.2 Compounds Accumulated in the 
Cells of Suspension Cultures 112 
3.3.1.1.3 The Amounts of Vanillin and 
Vanillyl Alcohol Present in Cultures 116 
3.3.1.2 The Effect of Vanillin and Vanillyl 
Alcohol on Phenolic Production in Sd. old 
Suspension Cultures 117 
3.3.1.2.1 Compounds Extracted from the 
Medium of Suspension Cultures 118 
3.3.1.2.2 Compounds Accumulated in the 
Cells of Suspension Cultures 119 
3.3.1.2.3 Estimation of the Total Amount of 
Vanillin and Vanillyl Alcohol Present in 
Cultures 120 
3.3.2 The Effect of Vanillin on the Incorporation 
of [ 14C]phenylalanine into Suspension Cultures of 
C. frutescens 123 
3.3.2.1 Changes in the Radioactivity Recovered 
from the Medium of Suspension Cultures 125 
3.2.2.2 Changes in the Radioactivity Recovered 
from Fractionated Cell Tissue 134 
3.3.2.2.1 Changes in the Radioactivity 
Associated with the MeOH Extract of Cell 
Tissue 134 
3.3.2.2.2 Changes in the Radioactivity in 
the Saponified Cell Wall Fraction of Cells 138 
3.3.2.2.3 Changes in the Radioactivity in 
the Soluble Protein in Cells on the 
Addition of Vanillin 142 
3.3.2.2.4 Changes in the Radioactivity 
Incorporated into the 'Lignin' of Cells on 
the Addition of Vanillin 144 
3.4 The Growth and Capsaicin Accumulation of 
Fruits of C. frutescens 151 
3.4.1 The Growth of C. frutescens fruits 152 
3.4.2 Capsaicin Accumulation in C. frutescens 
fruits 154 
3.4.3 Selection of Growth Stages for Further 
Study of Capsaicin Biosynthesis 157 
3.4.4 The Accumulation of Free Phenolics and 
Certain Conjugates at Three Stages of Fruit 
Development 158 
3.4.5 The Accumulation of A Vanillic Acid 
Glycoside in Fruits of C. frutescens 162 
3.5 The Effect of Vanillin on Phenolic Metabolism 
in Fruits of C. frutescens 166 
VIII 
3.5.1 A Comparison of the Incorporation of 
[ 14C]phenylalanine into Phenolics in C. 
frutescens Fruit fed with Vanillin at Different 
Developmental Stages 167 
3.5.1.1 The Pattern of Incorporation into 
Phenolics as Determined by Autoradiography 168 
3.5.1.2 The Pattern of Incorporation into 
Phenolics as Determined by HPLC 172 
3.5.2 The Effect of Vanillin Concentration on the 
Incorporation of [ 14C]phenylalanine into Certain 
Primary and Secondary Metabolites in C. 
frutescens fruits 182 
3.5.2.1 Changes in the Radioactivity 
Associated with the MeOB Extract of Fruits 184 
3.5.2.2 Changes in the Levels and Radioactive 
Content of Capsaicinoids 184 
3.5.2.3 Changes in the Radioactivity 
Incorporated into the Saponified Cell Wall 
Fraction of Fruits 188 
3.5.2.4 changes in the Radioactivity 
Associated with the Soluble Protein of Fruits 195 
3.5.2.5 Changes in the Radioactivity 
Incorporated into the 'Lignin-Like' Material 195 
3.6 The Metabolism of Added Vanillin in Fruits of 
C. frutescens Over a Timecourse 	 -. 201 
3.6.1 Compounds Present in the Organic Phase 
Over the Timecourse 203 
3.6.2 Compounds Detected in the Aqueous Phase 
Over the Timecourse 207 
3.7 Determination of the Fate of [5- 2H]Vanillin 
Added to Fruits of C. frutescens 212 
3.7.1 A Study of the Incorporation of 
[5-2H]Vanillin into Capsaicinoids in C. 
frutescens Fruits 215 
3.7.1.1 Analysis of the Capsaicinoid Extracts 
by 1H nxnr 216 
3.7.1.2 Analysis of the Capsaicinoid Extracts 
by 2H nmr 221 
3.7.2 The Distribution of Added [5-2H]Vanillin 
in Cell Fractions of C. frutescens Fruits 226 
3.7.2.1 Distribution of the Deuterium Label 
in the Organic Extract of Fruits 228 
3.7.2.1.1 Deuterium content of the Purified 
Vanillin Fraction 235 
3.7.2.1.2 Deuterium Content of the Purified 
Capsaicinoid Fraction 239 
3.7.2.2 The Distribution of the Deuterium 
Label in the Aqueous Phase Extract of Fruits 244 
3.7.2.3 Distribution of the Deuterium in the 
Saponified Cell Wall Fraction of Fruits 254 
CHAPTER 4:DISCUSSION 	 258 
APPENDICES 	 305 
REFERENCES 	 316 
ix 
ABSTRACT 
The aim of this project was to study the effects of 
vanillin and some of its putative precursors on fruits 
and cultured cells of Capsicum .frutescens Mill. and in 
particular to determine the role of vanillin in capsaicin 
biosynthesis. 
When ferulic acid, the putative precursor to 
vanillin, was supplied to suspension cultures of C. 
frutescens, no vanillin or capsaicin were detected. 
Instead, caffeic acid (the precursor to ferulic acid) and 
an unknown compound, A, were detected in the cells and 
medium of cultures respectively. When vanillin was 
supplied to suspension cultures of C. frutescens, 
vanillyl alcohol and a compound tentatively identified as 
a vanillic acid glycoside were detected in the medium and 
cells of suspension cultures respectively. 
When vanillin was supplied to fruits of C. 
frutescens prior to the onset of capsaicin synthesis, 
vanillyl alcohol and a vanillic acid glycoside were 
produced. In fruits actively accumulating capsaicin, 
vanillyl alcohol and a vanillin glycoside 
(-d-glucosidovanillin) appeared after the addition of 
vanillin. However, both were transient metabolites and 
the fate of most of the added vanillin is still unknown. 
Certain amounts of added vanillin appeared to 
increase the amount of [ 14C]phenylalanine incorporated 
into capsaicinoids, glycosylated and saponified cell wall 
phenolics in fruits of C. frutescens. This led to the 
x 
tentative 	conclusion 	that 	vanillin 	stimulated 
phenylpropanoid metabolism thus increasing the flux of 
[ 14 C]phenylalanine down the pathway. A similar but less 
well-defined stimulation occurred in suspension cultures 
where there was an increase in the incorporation of 
{ 14C]phenylalanine into glycosylated phenolics on the 
addition of vanillin. There was also some indication that 
vanillin may act as a precursor to lignin as the addition 
of vanillin caused a decrease in the incorporation of 
[ 14C]phenylalanine into lignin in both fruits and 
suspended cells of C. .frutescens. 
As vanillin is a putative precursor to capsaicin, 
the role of vanillin in capsaicin biosynthesis was 
explored. Feeding vanillin and [ 14C]phenylalanine to 
fruits of C. frutescens actively accumulating capsaicin 
(24d. after anthesis) did cause a decrease in the 
incorporation into capsaicinoids in comparison to fruits 
fed with [ 14C]phenylalanine only. However, in later 
experiments this result could not be repeated and no 
decrease in the specific activity of capsaicinoids in 
24d. fruits was apparent on the addition of vanillin. 
However, [5- 2H]capsaicin was detected on the addition of 
[5- 2H]vanillin to fruits actively accumulating capsaicin. 
There was a 0.3% incorporation of the labelled vanillin 
after 24h. It was concluded that vanillin was a precursor 
to the aromatic moiety of capsaicin. In the discussion 
the effects of vanillin on phenylpropanoid metabolism in 




1.1 SECONDARY METABOLISM AND SECONDARY PRODUCTS. 
Secondary metabolites have been described as 
compounds which have no recognised role in the 
maintenance of fundamental life processes in the 
organisms in which they occur (Bell, 1981). In contrast 
primary metabolites can be thought of as compounds which 
are essential to the well-being and survival of the 
organism. The division between primary and secondary 
metabolism is often indistinct as many intermediates in 
primary metabolism are also involved in secondary 
metabolism. The compounds which enter secondary 
metabolism ultimately originate from primary metabolism, 
e.g. amino acids and products of fatty acid metabolism. 
In addition many secondary metabolites are not end 
products of metabolism but are subject to degradation 
(Barz and Roster, 1981). This leads to a complex 
'metabolic-web' between primary and secondary metabolism. 
Also, primary metabolic pathways are not necessarily the 
same in all species, a given compound may have a role in 
primary metabolism in one species but a role in secondary 
metabolism in another species (Bell, 1981). 
The function of many secondary metabolites within 
the organism is still unclear. Some may be a deterrent to 
predators or discourage competing plant species. For 
example, Taxus baccata contains taxol which is extremely 
toxic to grazing animals (The Merck Index, 1989) and 
hence probably protects the tree from grazing. Other 
secondary products may attract pollinators or symbionts 
el 
e.g. the colour and scent of flowers may attract insects 
important for pollination. Alternatively, some secondary 
products may just be excretion products. However, it 
seems likely that most secondary products confer some 
selective advantage to the organism in which they occur 
or they would be unlikely to persist through a lengthy 
period of evolution. Whatever the role of secondary 
products in plants many have been exploited by man for 
uses as diverse as food flavourings and colourings, 
medicines, perfumes and agrochemicals, examples of which 
are shown in Table 1.1.1 (see Staba, 1980 for review). 
Compounds described as secondary metabolites show a 
great diversity in their occurrence, structure, 
biosynthetic origin and synthesis as well as in their 
use. Table 1.1.1 presents examples of secondary 
metabolites two of which are capsaicin and vanillin, both 
are important secondary products. However, vanillin is 
also a possible precursor to capsaicin in Capsicum 
frutescens Mill. This study has investigated the effects 
of vanillin on aspects of metabolism in fruits and 
cultured cells of C. frutescens and the role of vanillin 
in capsaicin biosynthesis. The reasons for choosing the 
capsaicin biosynthetic pathway as a mechanism for 
studying secondary metabolism are reviewed later, in 1.5. 
However, before this point is reached it is important to 
explain the reasons for studying secondary metabolism 
which is due, in part, to the economic importance of many 
of these compounds coupled with an often unreliable 
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COMPOUND TYPE OF COMPOUND SOURCE 
Hecogenin Steroid sapogenin Agave sisalana 
Digitoxin Steroidal cardio- Digitalis purpurea 
glycoside 
Limonene Monoterpene Oils of Citrus spp. 
Morphine Alkaloid Papaver somniferum 
Quinine Alkaloid Cinchona spp. 
Crocin Carotenoid Crocus sativus 
Rhamnetin Flavonoid Rhamnus saxatilis 
Indigo Indole derivative Indigofera tinctoria 
Taxol Terpenoid Taxus .spp. 
Vinblastine Indole alkaloid ymca rosea 
Bixin Carotenoid Bixa orellana 
Vanillin Aromatic Vanilla spp. 
capsaicin Capsaicinoid Capsicum spp. 
USES/COMMENTS 
Synthesis of steroid 
hormones 




Treatment of malaria 




Treatment of ovarian 
cancer 




Table 1Yl.l Examples of Secondary Metabolites Extracted from Plants. 
source of supply. This has led to a search for other 
mechanisms of producing secondary metabolites, e.g. by 
cultured plant cells. The commercial availability of 
secondary metabolites is now reviewed in 1.2. 
1.2 COMMERCIAL AVAILABILITY OF SECONDARY PRODUCTS. 
As already mentioned secondary products are a 
diverse group of compounds produced in a wide range of 
plant species. However, many of the commercially useful 
secondary plant metabolites are extracted from tropical 
or sub-tropical plant species and the availability and 
cost of these substances is often affected by political, 
economic and environmental circumstances of the country 
of origin (Yeoman, 1986). In addition many of the plant 
species from which secondary products are derived are 
unsuitable candidates for crop species as plant 
establishment, habit, vigour or reproductive capacity may 
be poor. For example, Podophyllum hexandrum (mayapple) 
produces the lignan, podophyllotoxin which is used in the 
synthesis of certain drugs. As this plant species has a 
long juvenile phase and poor reproductive capacity 
attempts are being made to increase the yield of 
podophyllotoxin in cell cultures of P. hexandrum (Van 
Uden et al., 1990). 
Chemical synthesis is one alternative to extraction 
from plant material. However, many secondary metabolites 
are chiral molecules which can be difficult or costly to 
produce synthetically (Wink, 1990). This is one reason 
why even as recently as 1990 in the U.S.A. Ca. 25% of 
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prescriptions contain substances obtained from higher 
plants (Phillipson, 1990; Fowler et al., 1990). 
Difficulties in obtaining certain secondary compounds 
from the intact plant or from chemical synthesis make the 
production of secondary metabolites by cultured plant an 
attractive alternative. The production of secondary 
products by plant cells in culture and some of the 
difficulties encountered are now reviewed in 1.3. 
1.3  THE PRODUCTION OF SECONDARY METABOLITES BY PLANT 
CELLS IN CULTURE. 
1.3.1 secondary Metabolite Accumulation in Plant Cell 
Cultures. 
It is well known that plant cells in culture 
represent a potential source of commercially valuable 
substances (Dicosmo and Misawa, 1985) . There are three 
major ways in which plant cell cultures can be used to 
provide secondary products (see Fowler, 1987; Fowler et 
al., 1990). 
As an alternative to established products. 
As a source of novel products. 	 - 
As a source of enzymes as possible aids for 
biotransformation systems. 
However, there are two major problems in the 
production of secondary metabolites by plant cells in 
culture. Firstly, plants are generally more efficient at 
accumulating secondary metabolites than the cultures 
derived from them making commercial production from cell 
cultures generally not viable (Fowler, 1983, 1986). There 
are exceptions to this, e.g. cultures of Coleus blumei 
6 
yield nine times the quantity of Rosmarinic acid than 
that produced in the plant (Fowler, 1986). Indeed, 
shikonin and berberine are now being produced 
commercially by Mitsui Petrochemicals Industries from 
cultures of Lithospermum erythrorhizon and Coptis 
japonica respectively (Fujita, 1988). 
Secondly, plant cells in culture often produce a 
different spectrum of compounds from that of the plant 
from which they are derived. Also, culture conditions can 
be very important in determining which compounds plant 
cells will produce. For example, a comparative study of 
the lignins produced by the tea-plant and tea-plant 
derived callus tissue showed that culture conditions 
contributed more to the lignin composition of the tissue 
than the origin of the explant (Zapbmetov et al., 1993). 
1.3.2 The Relationship Between Growth and Secondary 
Product Accumulation. 
Many secondary metabolites are produced/stored in 
the intact plant in the organelles of specialized cells 
(e.g. in chromoplasts, vacuoles or membrane systems). 
These cells are non-dividing and highly differentiated 
which is in contrast to cultured plant cells which are 
often rapidly dividing and essentially un-differentiated 
(Yeoman and Yeoman, 1993). 
There is much evidence to suggest that secondary 
metabolism in cultured plant cells is related to culture 
growth (Yeoman et al., 1980; Lindsey and Yeoman, 1985; 
Komamine et al., 1989; Yeoman et al., 1989). In most 
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instances it has been shown that there is an inverse 
relationship between secondary product accumulation and 
culture growth (Yeoman et al., 1980, 1982). When this 
occurs, secondary product accumulation tends to be 
associated with the downturn of culture growth (Lindsey 
and Yeoman, 1985). However, there are exceptions to this 
e.g. the betalins produced in cell cultures of Phytolacca 
americana (Sakuta et al., 1986) and Beta vulgaris 
(Jaf far, 1992) are accumulated throughout the growth 
cycle. Also different cell lines of a culture may show 
different patterns of secondary metabolite accumulation 
during the culture cycle. For example, some cultures of 
Catharanthus roseus accumulate alkaloids during active 
growth while others do so mainly in the stationary phase 
(Norris, 1986) 
The main limitation to the commercialization of 
secondary products from plant cells in culture remains 
low product yield. A great deal of emphasis has been 
placed on increasing the yield of secondary metabolites 
produced by plant cells in culture. A number of 
strategies have been employed to try and achieve this aim 
and these are now reviewed in part 1.4. 
1.4 INCREASING THE YIELD OF SECONDARY METABOLITES 
PRODUCED BY PLANT CELLS IN CULTURE. 
A number of approaches have been used to try and 
increase the yield of secondary metabolites by plant 
cells in culture but broadly speaking these strategies 
fall into three categories: 
1.1 
The selection of high yielding cell-lines. 
The manipulation of the physical or chemical 
environment of cells. 
The manipulation of the genome by genetic 
engineering. 
1.4.1 cell-Line Selection. 
In this strategy cells which accumulate the desired 
secondary product are isolated and used to start new 
cultures. Within a population of cells in culture there 
are differences between cells, in size, structure and 
metabolic activity. Superior cell-lines can be isolated 
and cloned. As such clones tend to follow the 
characteristics of the cells from which they were cloned 
at least for a while and because the original cell-line 
was more heterogeneous, clones usually outperform the 
original culture. If the natural variation of cultures is 
insufficient it can be widened by the use of mutagenic 
agents (Dix, 1986, 1990). Many clones which are high 
yielding for a particular secondary metabolite have been 
isolated (Zenk et al., 1977; Ellis, 1985; Dix, 1986; 
Wilson, 1990) 
The problem with the maintenance of high yielding 
clones is that they are usually unstable in the yield of 
the desired secondary metabolite which decreases with 
each successive subculture (Tabata and Hiraoka, 1976; 
Deus-Neumann and Zenk, 1984). This problem can be 
overcome by the reselection of superior cell-lines. 
However, some cell-lines are stable over long 
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periods of time (6-12months) e.g. CatharanthL1s roseus for 
anthocyanin production (Hall and Yeoman, 1987) and 
Lithospermum erythrorhizon for shikonin production 
(Yamada and Hashimoto, 1990). Both of these metabolites 
are pigmented and it may be that during subculture only 
pigmented cells are selected and that this maintains the 
productivity of the culture. 
1.4.2 Manipulation of the Physical and Chemical 
Environment. 
In this strategy cultures are manipulated so that 
the biosynthetic pathways leading to the desiredproduct 
are operative. A number of methods for manipulating the 
physical and chemical environment have been developed and 
are now described. 
1.4.2.1 Nutrient Limitation. 
Nutrient stress is known to decrease growth and 
primary metabolism of cultured plant cells (Dougall, 
1980; Yeoman et al.,, 1980; Nantell and Smith, 1983; 
Collin, 1987). As the primary metabolism of cells is 
reduced more precursors become available for secondary 
metabolism. Therefore any manipulation of the culture 
which inhibits primary processes such as cell division 
and expansion might be expected to enhance the capacity 
of cells to accumulate secondary metabolites. 
Reducing both the phosphate and nitrogen component 
of culture medium has been shown to enhance secondary 
product formation (Nettleship and Slaytor, 1974; Knobloch 
and Berlin, 1981; Lindsey, 1985; Collin, 1987). Mantell 
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and Smith (1983) concluded that a lack of phosphate more 
than any other nutrient stress was likely to stimulate 
the production of secondary metabolites. 
1.4.2.2 Plant Growth Regulators. 
It is well known that the correct auxin and 
cytokinin balance is important for callus initiation and 
maintenance and changing this balance can cause 
differentiation. Therefore, it is not surprising that 
altering the balance of plant growth regulators in the 
culture medium can increase secondary metabolite 
production, possibly by increasing differentiation 
(Deus-Neumann and Zenk, 1984; Nàkagawa et al., 1986; 
iambto and Yamada, 1987). 
1.4.2.3 Precursor Feeding. 
The yield of secondary metabolites by plant cell 
cultures can sometimes be increased by adding precursors 
to the product. It has been shown that adding a precursor 
close to the product can increase product yield more than 
adding a precursor more distant from the product (Lindsey 
and Yeoman 1983, 1984a,b). Although there has been some 
success with precursor feeding (Chowdhury and Chaturvedi, 
1979) it has not been successful in all cases and the 
extra costs incurred could be a barrier to 
commercialization. 
1.4.2.4 Elicitation. 
Microbial invasion of plants is known to modify the 
metabolism of the host resulting in certain secondary 
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metabolites being produced as a defence response to the 
invasion, e.g. phytoalexins (Bailey and Mansfield, 1982). 
Compounds derived from a pathogen or endogenous compounds 
from the plant which cause a response are known as biotic 
elicitors (Keen et al., 1972). Physical stresses which 
cause a similar defence response are known as abiotic 
elicitors, examples of which are U.V. radiation, certain 
antibiotics, salts of heavy metals and high salt 
concentration (Eilert, 1987). 
It is well documented that fungal elicitors can 
modify phenyipropanoid metabolism (Eilert, 1987; 
Hahlbrock and Scheel, 1989; Holden et al., 1988a,b). The 
phenylpropanoid pathway leads to the formation of certain 
secondary metabolites and stimulating the activity of 
this pathway can enhance product formation (Holden et 
al., 1988b; Sudhakar Johnson et al., 1991). 
1.4.2.5 cell Immobilization. 
As already mentioned, there appears to be a 
relationship between secondary metabolite accumulation 
and the structural organisation or aggregation of cells 
in culture (Lindsey and Yeoman, 1983). This has led to 
the use of cell immobilization as a means of enhancing 
product yield. cells can be immobilized within gel beads, 
foam, metal or other types of inert matrices (Brodelius 
et al., 1979; Yeoman et al., 1980; Lindsey and Yeoman, 
1983). Physical entrapment of cells in an inert matrix 
increases cell-cell contact. It may also limit cell 
division and establish nutrient gradients or other 
- 	12 	 - 
factors important in the regulation of secondary 
metabolic activity (Lindsey and Yeoman, 1985). To date 
however, no commercial process has been developed 
involving immobilized plant cells. 
1.4.2.6 Other Mechanisms of Increasing Secondary Product 
Accumulation. 
Light, pH and temperature are all known to have an 
effect on secondary product accumulation. For example, 
light is known to inhibit nicotine accumulation in 
tobacco cell cultures (Hobbs and Yeoman, 1991) but 
stimulates anthocyanin production in Haplopappus cultures 
(Strickland and Sunderland, 1972). 
Temperature and pH have also been shown to affect 
secondary metabolite production by cultured plant cells 
(Fowler, 1988; Veliky, 1977 respectively). 
1.4.3 Increasing Secondary Product Formation in Plant 
Cell Cultures by Manipulation of the Genome. 
The strategies reviewed in 1.4.2 have been partially 
successful in increasing the amount of secondary 
metabolites accumulated by cultured plant cells. However, 
they are fairly empirical in their approach. A more 
recent and direct approach involves the manipulation of 
the genome by genetic engineering. 
Theoretically, the accumulation of a certain 
metabolite could be increased by stimulating its 
synthesis and inhibiting its degradation (Yeoman and 
Yeoman, 1993). Recent advances in molecular biology and 
genetic engineering could make it possible to enhance 
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secondary product accumulation in this way. For example, 
product synthesis could be stimulated by cloning the 
gene(s) responsible for the rate limiting step(s) in the 
metabolic pathway. This could then be modified or 
amplified to increase its activity. Expression of the 
enzymes involved in the degradation of the product can be 
blocked by the use of 'anti-sense' mRNA. This binds to 
the mRNA of the enzyme thus inactivating it (Green et 
al., 1986). 
This strategy has been limited to date due to a lack 
of knowledge of how secondary metabolism is regulated, 
i.e. which enzyme(s) and hence which gene(s) have a 
regulatory role. In turn this is based, in many cases, on 
an incomplete knowledge of the route of biosynthesis and 
degradation of many secondary metabolites. This study has 
utilized the biosynthetic pathway leading to capsaicin 
which has been used as a model system for the study of 
secondary metabolism in plants (Holden et al., 1987; 
Yeoman et al, 1989). The reasons why the biosynthetic 
pathway leading to the production of capsaicin was chosen 
for this study are now reviewed in 1.5. 
1.5 THE STUDY OF SECONDARY METABOLISM. 
Many natural products utilized by man are complex 
mixtures of numerous compounds which may have different 
biosynthetic pathways, 	e.g. in natural vanilla 
flavouring, 169 volatile compounds have been identified, 
26 of which are present at levels of over lppni (Klimes 
and Lamparsky, 1976). All 169 compounds are considered to 
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contribute to the natural aroma. In contrast, the pungent 
flavour of chilli peppers is due to, at most, five 
compounds all of which have a very similar structure and 
are the products of a single biosynthetic pathway. This 
makes capsaicin synthesis in Capsicum a good model system 
to study secondary metabolism and ultimately what 
regulates it. In addition, some secondary products occur 
only in specific organs of certain plant species which 
are difficult to cultivate under artificial conditions, 
e.g. the compounds which produce natural vanilla 
flavouring only occur in the fruits of certain Vanilla 
spp. However, Vanilla spp. have a long juvenile period, 
unreliable flowering and are difficult to cultivate 
(Childers et al., 1959). In contrast, capsaicinoids are 
accumulated in the fruits of Capsicum spp.. which are easy 
to cultivate and have a short juvenile period. The 
structure and occurrence of the capsaicinoids are now 
reviewed in 1.6. 
1.6 THE CAPSAICINOIDS. 
Capsaicinoids are a group of compounds responsible 
for the pungent, 'hot' flavour of chilli peppers of which 
capsaicin was the first to be identified (Nelson, 1919). 
Capsaicinoids are formed by the condensation of 
vanillylamine with one of several acyl groups (Suzuki et 
al., 1981). Capsaicin and dihydrocapsaicin are the major 
capsaicinoids present in fruits accounting for over 90% 
of the total (Suzuki et al., 1981). Three other minor 
capsaicinoids have been isolated; nor-dihydrocapsaicin, 
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homo-dihydrocapsaicin and homocapsaicin (Bennet and 
Kirby, 1968; Leete and Louden, 1968). These five 
capsaicinoids differ only in the length of the acyl side 
chain and the presence or absence of a double bond at the 
6 position in the acyl chain. Fig. 1.6.1 shows the 
structure of the five naturally occurring capsaicinoids. 
Chilli peppers are popular throughout the world as 
condiments in highly spiced dishes and beverages such as 
ginger ale but may have deleterious effects if eaten in 
excess (Watts, 1985). They are also still used in 
pharmaceutical preparations to generate heat locally and 
relieve muscle pain (The Merck Index, 1989). 
The initial reactions of the biosynthetic pathway 
leading to the production of capsaicin are the core 
reactions of phenylpropanoid metabolism and this is now 
reviewed in part 1.7. 
1.7 PHENYLPROPM4OID METABOLISM. 
1.7.1 The Physiological Role of Phenyipropanoid 
Metabolism. 
The phenyipropanoid pathway has many functions in 
plants but its major role is to produce lignin, suberin 
and other cell wall components which provide structural 
support (Hahlbrock and Scheel, 1989). Krogmann in his 
book published in 1973 highlighted the importance of 
lignin in plants by describing it as the second most 
abundant organic molecule on earth (after cellulose) . The 
phenylpropanoid pathway also produces phytoalexins and 
flavonoids. Phytoalexins are involved in the defense 
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Fig. 1.6.1 The Structure of the Five Naturally Occurring 
Capsaicinoids. 
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response of plants, flavonoids serve as flower pigments 
and are also thought to have a role in protecting the 
plant against U.V. light (Hahibrock, 1981). 
Many species have been used in the study of 
phenylpropanoid metabolism in plants, e.g. potato 
(Solanum tuberosum), French bean (Phaseolus vulgaris) 
parsley (Petroselinum crispum) and soybean Glycine max), 
(Hahlbrock and Grisebach, 1979; Hahlbrock and Scheel, 
1989). Indeed, many species-specific phenylpropanoid 
branch pathways have been found arising from the core 
reactions of phenylpropanoid metabolism which creates 
great functional diversity. However, the core reactions 
are considered to be those converting L-phenylalanine to 
the activated cinnamic acids (Hahlbrock and Grisebach, 
1975) 
1.7.2 The Core Reactions of Phenyipropanoid Metabolism. 
A diagrammatic presentation of the core reactions of 
phenylpropanoid metabolism, the reactions from 
phenylalanine to ferulic acid, are shown in Fig. 1.7.1 
and are now reviewed. Also shown in Fig. 1.7.1 are the 
specific reactions from ferulic acid and valine which 
lead to the formation of capsaicin and these reactions 
are reviewed later, in 1.8. The first step in this set of 
reactions is the formation of cinnamic acid from 
phenylalanine with the elimination of ammonia. This is 
catalysed by phenylalanine ammonia-lyase (PAL), denoted 
as (a) on Fig. 1.7.1 (see Hanson and Havir, 1981). 
Cinnamic acid is then converted into p-coumaric acid by 
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Fig. 1.7.1 The Core Reactions of Phenylpropanoid 
Metabolism together with the Specific Reactions which 
when Combined Encompass Capsaicin Synthesis. 
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hydroxylation at the 4 position of the ring. This is 
catalysed by cinnamate 4-hydroxlase (C41-I) which is 
reputed to utilize NADPH and molecular oxygen (Russel and 
Conn, 1967; Russel, 1971; Saip et al., 1990). C4H is 
denoted as enzyme (b) on Fig. 1.7.1. Caffeic acid is then 
produced from p-coumaric acid by p-coumaric 3-hydroxylase 
which, as the name suggests hydroxylates the 3 position 
on the ring, enzyme (c) on Fig. 1.7.1. It requires 
molecular oxygen and a reductant such as NADPI-1 (Vaughan 
and Butt, 1969; Butt and Lamb, 1981). Caffeic acid is 
then methylated at the 3 position of the ring to produce 
ferulic acid. This reaction is catalysed by caffeic acid 
3-0-methyltransferase (enzyme (d) on Fig. 1.7.1) which 
utilizes S-adenosylmethionine (SAN) as the methyl donor 
and is converted to S-adenosyl homocysteine (SAH) after 
donation of its methyl group (Poult&n, 1981; Edwards and 
Dixon, 1991; Gowri et al., 1991). 
From these activated cinnamic acids a variety of 
other compounds can be produced by other biosynthetic 
pathways e.g. lignin, flavonoids, stilbenes, benzoic 
acids (see Fig. 1.7.2) and the production of these 
compounds is reviewed in 1.7.3. 
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Fig. 1.7.2 A Summary of the Main Compounds Produced from 
the Core Intermediates of the Phenyipropanoid Pathway. 
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1.7.3 compounds Derived from the Core Reactions of the 
Phenyipropanoid Pathway. 
1.7.3.1 Cinnamic Acids. 
A summary of cinnamic and benzoic acid metabolism is 
shown in Fig. 1.7.2. Cinnamic acids can be reduced to 
cinnanialdehydes and cinnamyl alcohols via activated SCoA 
thioesters (Gross et al., 1973), cinnamyl alcohols then 
go on to take part in the synthesis of lignin (for a 
review of lignin see Brown, 1966). Lignin is synthesised 
from p-coumaric, ferulic and sinapic acid which are 
activated by conversion to CoA thioesters by 
hydroxycinnamic-00A ligase. These cinnamoyl-00A 
thioesters are then reduced to the corresponding cinnamyl 
alcohols (Hahlbrock and Grisebach, 1979; Gross, 1979; 
Grisebach, 1981) and these are then polymerised by 
peroxidases to form lignin (Grisebach, 1981). 
The side chain of cinnamic acids can undergo 
elongation by the addition of malonyl-00A to form 
flavonoids, flavones and xanthones, see Fig. 1.7.2, 
(Hahibrock, 1981). In addition cinnamic acids can undergo 
side chain degradation to produce benzoic acids, with the 
loss of an acetate unit in a mechanism analagous to the 
p-oxidation of fatty acids (Zenk, 1966, 1979; Alibert and 
Ranjeva, 1971) 
In addition, cinnamic acids are present in their 
free form in only very small amounts in plants, the 
majority occurring in a conjugated form. Cinnamic acids 
are commonly esterified, see Fig. 1.7.2, and a number of 
compounds can serve as the alcoholic moiety e.g. sugars, 
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aliphatic and aromatic alcohols (Gross 1981). 
1.7.3.2 Vanillin and Benzoic Acids. 
Little is known about the metabolism of vanillin (a 
benzaldehyde) in plants and likewise our knowledge of the 
metabolism of benzoic acids by plants is limited. It is 
thought that benzoic acids are produced from cinnamic 
acids by p-oxidation of activated CoA thioesters. These 
benzoyl-CoA esters can then be converted into benzoic 
acids or benzaldehydes which can then be reduced to 
benzylalcohols (Zenk 1966, 1971, 1979). In addition 
benzoic acids can be decarboxylated by peroxidases to 
yield phenols (Berlin and Barz, 1975). 
Benzoic acids can also produce ubiquinones via 
p-hydroxybenzoic or protocatechuic acid which is 
prenylated with isopentenyl pyrophosphate (Thomas and 
Threlfall, 1973; Casey and Threlfall, 1978). See Fig. 
1.7.2 for a summary of these reactions. 
As already mentioned, there are many species 
specific branch pathways derived from the core reactions 
of phenylpropanoid metabolism. The reactions leading to 
the synthesis aromatic moiety of capsaicinoids are one of 
these branch pathways. The products of the core reactions 
of phenyipropanoid metabolism, i.e. activated cinnamic 
acids undergo further metabolism to produce the aromatic 
moiety of the capsaicinoids. The specific reactions which 
produce the aromatic moiety of capsaicinoids are reviewed 
now, in 1.8. 
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1.8 THE CAPSAICIN BIOSYNTHETIC PATHWAY. 
Capsaicin has two chemical regions or moieties; the 
aromatic region and the acyl side chain. Not surprisingly 
these two components have different pathways of 
synthesis. The most likely reactions involved in 
capsaicin synthesis are shown in Fig. 1.7.1. 
The acyl side chain was thought to be derived from 
valine (Leete and Louden, 1968). Now it is considered 
that both valine and leucine can act as precursors to 
acyl chains with even and odd numbers of carbons 
respectively (Kopp and Jurenitsch, 1981; Suzuki et al., 
1981). 
The biochemical pathway leading to the synthesis of 
the phenolic moiety of capsaicinoids has not yet been 
fully elucidated • but it is known to proceed from 
phenylalanine (Bennet and Kirby, 1968; Leete and Louden, 
1968). The initial steps of this reaction sequence (from 
phenylalanine to ferulic acid) form the core reactions of 
phenylpropanoid metabolism (see 1.7.2 and 'Fig.-  
Hence, the synthesis of the phenolic moiety of capsaicin 
can be thought of as an extension of phenylpropanoid 
metabolism. 
The reactions from phenylalanine to ferulic acid 
have already been reviewed in 1.7.2. The reactions 
involved in converting ferulic acid to vanillylamine have 
not yet been elucidated, but vanillin is thought to be an 
intermediate, see Fig. 1.7.1 (Luckner, 1972; Yeoman et 
al. 1980). Labelling studies by Hall et al., (1987), 
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Yeoman et al., (1989) and Hall and Yeoman, (1991) have 
shown the presence of labelled vanillin in fruits and 
cultured cells of C. frutescens accumulating capsaicin 
and supplied with [ 14 C]phenylalanine suggesting it may 
have a role in capsaicin synthesis. However, labelling 
studies with cinnamic and p-coumaric (Sukrasno, 1991) 
failed to show the presence of labelled vanillin in 
fruits accumulating capsaicin. Indeed, other pathways 
leading to the formation of vanillylamine have been 
proposed (Yeoman et al., 1980) and are discussed in 4.3.3 
against the evidence gained from this study. 
None of the enzymes involved in the proposed 
conversion of ferulic acid to vanillylamine via vanillin 
(enzymes e and f in Fig. 1.7.1) have been characterized. 
However, the condensation of vanillylamine and isocapric 
acid to produce dihydrocapsaicin has been studied (Iwai 
et al., 1977; Holland, 1989; Ochoa-Alejo and 
Gomez-Peralta, 1993) and the enzyme responsible, 
capsaicin synthase, enzyme (f) on Fig. 1.7.1, has been 
partly characterized (Holland, 1989). 
1.9 THE ACCUMULATION OF CAPSAICIN IN FRUITS AND CULTURED 
CELLS OF C. FRUTESCENS. 
1.9.1 The Accumulation of Capsaicin in Fruits. 
Capsaicin is accumulated in the epidermal cells of 
the placental tissue of fruits (Suzuki et al., 1980). 
Moreover, the vacuole has been proposed as the precise 
site of capsaicin accumulation in these cells (Fujiwake 
et al., 1980a). However, capsaicin is not very soluble in 
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water but is very soluble in lipid. Fujiwake, et al. 
(1982) have suggested that capsaicin is accumulated in 
specialized vacuoles or capsisomes which are different to 
those vacuoles which act as a resevoir for organic acids. 
Capsaicin is also an end product of metabolism, i.e. 
it undergoes no further metabolism (it does not occur as 
a conjugated form) and is not broken down (Holden et al., 
1987). Hence changes in the accumulation of this compound 
directly reflect changes in its synthesis. It is also 
accumulated only at a specific stage of fruit development 
(Iwai et al., 1979), the onset of which correlates 
loosely with fruit age (Hall et al., 1987; Holden et al., 
1987) and is associated with the downturn of fruit 
growth, see 3.4, this study. 
1.9.2 The Accumulation of capsaicin in Cultures. 
Capsaicin is found only in vanishingly small 
quantities in callus and suspension cultures of C. 
frutescens (Yeoman et al., 1980). Many strategies have 
been employed to induce cultures to accumulate capsaicin 
at levels comparable to those found in the fruit. For 
example, cell line selection (Aitken and Yeoman, 1986; 
Ochoa-Alejo and Gomez-Peralta, 1992), precursor feeding 
(Yeoman et al., 1980; Lindsey and Yeoman, 1984a,b; 
Lindsey, 1986a), cell immobilization (Lindsey and Yeoman, 
1984a,b; Lindsey, 1985; Sudhakar Johnson et al., 1990), 
nutrient limitation (Lindsey and Yeoman, 1983; Lindsey, 
1985, 1986a,b; Ravishanker et al., 1988) and elicitation 
with fungal spores (Holden et al., 1988a,b) or fungal 
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carbohydrates (Sudhakar Johnson et al., 1991). 
In combination, some of these methods have been 
sucessful i.e. cell immobilization together with the 
feeding of precursors have raised capsaicin accumulation 
to a level comparable to that in fruits (Lindsey and 
Yeoman, 1984a,b). However, a more directed approach 
towards culture manipulation based on a better 
understanding of capsaicin synthesis and how it is 
regulated should prove more fruitful. This could 
ultimately enable genetic manipulation of the controlling 
enzyme(s) of the capsaicin biosynthetic pathway. Likely 
features that control the capsaicin biosynthetic pathway 
are now reviewed. 
1.10 THE REGULATION OF CAPSAICIN SYNTHESIS. 
As capsaicin is only found in fruits at a particular 
stage of their development, there must be a metabolic 
'switch' which starts its synthesis. What this might be 
remains unanswered - although substrate limitation, 
compartmentalization of enzyme and substrate and the 
regulation of enzyme activities are well recognized as 
the three major ways that metabolic pathways can be 
regulated. All three may have a role in the regulation of 
capsaicin synthesis. 
1.10.1 Regulation by Substrate Limitation. 
There is some evidence that substrate limitation has 
a role in the regulation of capsaicin synthesis. For 
example, it is known that sugar residues are released 
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from the cell wall during fruit ripening (Gross et al., 
1986) and Holden et al. (1987) speculated that phenolic 
residues may likewise be released and made available for 
capsaicin synthesis. In addition, many of the phenolic 
precursors to capsaicin can exist in conjugated forms 
i.e. glycosylated or esterified to sugar residues 
(Sukrasno, 1991; Sukrasno and Yeoman, 1993). The phenolic 
residues from these conjugated forms are considered 
unlikely to be direct precursors to capsaicin. This is 
because the decrease in the radioactivity, present in 
these compounds during the period of capsaicin synthesis 
was small whereas the incorporation of labelled 
precursors into capsaicin was rapid suggesting that 
conjugated phenolics are unlikely to be direct precursors 
(Sukrasno, 1991). In addition these conjugates are 
largely present in the pericarp (Sukrasno, 1991) whereas 
the site of capsaicin accumulation is known to be 
placental tissue (Suzuki et al., 1980) which also 
suggests they are unlikely to be direct intermediates of 
capsaicin synthesis. However, it is thought they may act 
as storage intermediates and could be released gradually 
to increase the availability of capsaicin precursors 
(Sukrasno, 1991; Sukrasno and Yeoman, 1993). Indeed 
glycosides of phenyipropanoids have been shown to be 
storage intermediates in lignin biosynthesis 
(Marcinow'2ski and Grisebach, 1977). 
L-phenylalanine, L-valine and L-leucine have all 
been shown to have a role in capsaicin synthesis (Bennet 
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and Kirby, 1968; Leete and Louden, 1968; Suzuki et al., 
1981). However, these three amino acids are also utilized 
in protein synthesis (see Stryer, 1981), one major aspect 
of primary metabolism. It may be that in the actively 
growing fruit one or more of these three amino acids are 
present in a limited amount and is/are preferentially 
channelled into protein synthesis. 
It has also been shown (by in vitro assays) that 
capsaicin synthase activity is present in fruits lOd. 
prior to the onset of capsaicin synthesis (Holland, 1989) 
which would suggest that substrate limitation or 
compartmentalization of enzyme and substrate may have a 
role in the control of capsaicin synthesis. 
1.10.2 Regulation by Compartmentalization of Enzyme and 
Substrate. 
The site of capsaicin accumulation is thought to be 
restricted to the placental • tissue of Capsicum fruits 
(Suzuki et al., 1980). Moreover, Fujiwake et al., (1982) 
proposed that capsaicin synthase was predominantly 
present in the tonoplast of the placental cells. Hence 
capsaicin precursors must reach the site of capsaicin 
synthesis. As already mentioned many physical and 
biochemical changes occur during fruit ripening (Gross et 
al., 1986) which may lead to the breakdown of physical 
barriers or release intermediates of capsaicin synthesis 
from cell walls or from conjugated forms (Sukrasno, 
1991) 
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1.10.3 Regulation of Enzyme Activites. 
Investigations into which enzymic conversion(s) in 
capsaicin synthesis may be controlling step(s) have 
concentrated on the pathway leading to the aromatic 
moiety of capsaicin. This is probably because it is less 
complex and better understood. 
There is evidence to suggest that capsaicin 
synthesis is regulated by enzyme activity and that the 
likely site of control is towards the end of the pathway. 
Firstly, the activity of PAL and C4H were found to be 
lower in immobilized cells, which produced greater 
amounts of capsaicin than suspended cells Holden et al., 
1987). Also, PAL and C4H activities were found to be 
similar in callus cultures, which were producing only low 
levels of capsaicin, to those in the fruit (Ochoa-Alejo 
and Gomez-Peralta, 1993) . Hence, no correlation has been 
found between PAL or C4H activity and capsaicin 
synthesis. However, Ochoa-Alejo and Gomez-Peralta (1993) 
found that the activities of caffeic acid 
3-0-methyltransferase and capsaicin synthase were much 
lower in cultured cells, which produced only low levels 
of capsaicin, than in fruits, suggesting that enzymic 
regulation may be near the end of the pathway. 
Secondly, cap aicin is found to inhibit its own 
synthesis (Lindsey, 1986b, Hall and Yeoman, 1991), 
suggesting that feedback inhibition of enzyme(s) has a 
role in the regulation of capsaicin synthesis. Hall and 
Yeoman (1991) found that adding capsaicin to immobilized 
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cultures of C. frutescens not only inhibited its 
synthesis but caused transient decreases in the 
incorporation of [ 14C]phenylalanine into both caffeic and 
ferulic acid suggesting that the formation of one or both 
these compounds may be the rate limiting step(s) of 
capsaicin synthesis. 
Current evidence suggests that any enzymic 
regulation of capsaicin synthesis occurs towards the end 
of the pathway producing the phenolic moiety. However, 
work by Holland (1989) showed that capsaicin synthase 
activity was present prior to the onset of capsaicin 
synthesis in fruits of C. frutescens, suggesting that the 
supply of substrates for this enzyme may be important in 
the regulation of capsaicin synthesis. Hence, enzymatic 
steps further back in the pathway may be rate-limiting 
which would restrict the amount of vanillylamine 
available for capsaicin synthase. It is clear that our 
knowledge of this pathway is incomplete. Indeed, the 
reactions between ferulic acid and vanillylamine have 
never been elucidated and in particular the role of 
vanillin in capsaicin biosynthesis has never been 
established. There is circumstantial, often conflicting 
evidence to suggest that vanillin is a precursor of 
capsaicin. As already stated, radiolabelled vanillin has 
been detected together with all the other precursors to 
the aromatic moiety of capsaicin in immobilized cells of 
C. frutescens actively accumulating capsaicin and 
supplied with [ 14C]phenylalanine (Hall et al, 1987). This 
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suggests that vanillin may be an active intermediate. 
Labelling studies by Yeoman et al. (1989) and Hall and 
Yeoman (1991) tend to support this claim. However, 
labelling studies with cinnamic and p-coumaric acid 
failed to show the presence of labelled vanillin 
(Sukrasno, 1991). 
It is important then, to 	fully elucidate the 
biosynthetic pathway leading to the production of 
capsaicin as a prerequisite for the possible future study 
of the control of capsaicin synthesis and ultimately the 
genetic manipulation of the capsaicin biosynthetic 
pathway. Accordingly, this study has focussed on the fate 
of vanillin and some of its putative precursors in fruits 
and cultured cells of C. frutescens. 
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1.11 AIMS AND OBJECTIVES. 
The aim of this study was to establish the role of 
vanillin in capsaicin biosynthesis. This aim encompassed 
the following objectives. 
To determine the fate of proposed vanillin precursors 
by cultures and to establish if vanillin was produced on 
the addition of precursors to cultures of C. frutescens. 
To determine the fate of vanillin added to fruits and 
cultures of C. frutescens. 
To determine the effect of added vanillin on 
phenyipropanoid and protein metabolism and capsaicin 
accumulation by studying changes in the incorporation of 
[ 14C]phenylalanine in both fruits and cultures on the 
addition of vanillin. 
To establish if vanillin is a precursor to capsaicin 
in C. frutescens. 
33 
CHAPTER 2. 
MATERIALS AND METHODS. 
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2.1 PLAIT MATERIAL. 
Plants of Capsicum frutescens var. Cayenne were 
grown from seed (McNair, Edinburgh) in John Innes No. 2 
potting compost in 15cm pots under strictly controlled 
growth room conditions; 25+/-1 0C, illuminance 
135pmole.m 2 .sec 1 (Thorn Warmwhite fluorescent, Phillips 
tungsten), 16h. day. Watering was carried out as 
required. Anthesis began about six weeks after 
germination. A large population of flowers were tagged on 
the date of fertilisation and a sub-population selected 
for each experiment which showed a similar pattern of 
growth (see Fig. 2.1.1). 
-- 	 - 	 - 




Fig. 2.1.1 A Plant of C. frutescens showing flowers 
tagged at anthesis. 
L 
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2.2 TISSUE AND CELL CULTURE OF C.FRUTESCENS. 
2.2.1 Media Preparation. 
Cultures were maintained on a defined medium, Schenk 
and Hildebrandt (S&H) (1972) (Imperial Laboratories, 
U.K.) supplemented with 3% sucrose (w/v), 2.Omg.1 -1 
p-chloro-phenoxyacetic 	acid 	(CPA), 	0.5mg.1 
2,4-dichloro-phenoxyacetic acid (2,4-D) and O.lmg.l- 
 
- 
kinetin. The pH of the medium was adjusted to 5.8 with N 
KOH prior to sterilization. To obtain solidified medium 
bacterial agar (1% w/v, Oxoid) was added before 
autoclaving and after adjustment of the pH. 
2.2.2 sterilization Procedures. 
2.2.2.1 sterilization of Apparatus and Instruments. 
All culture media, glassware and distilled H20 were 
sterilized by autoclaving at 121 0C at 15 p.s.i. for 
20mm. All aseptic manipulations were carried out in a 
laminar air flow cabinet the interior of which was 
swabbed with absolute ethanol (EtOH) before and after 
use. All instruments were stored in EtOH and flamed prior 
to use. -. 
2.2.2.2 surface Sterilization of Plant Material. 
Seeds of C. frutescens were surface sterilized by 
immersion in 95% (v/v) EtOH for 30sec. followed by a 
similar treatment in 10% (v/v) sodium hypochiorite 
solution (1.4% available chlorine) for 30mm. Seeds were 
then rinsed three times in distilled H20 and used to 
initiate callus cultures as described in 2.2.3.1. Tissue 
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explants were sterilized by immersion in 70% (v/v) EtOH 
for 30sec. followed by a similar treatment for 30mm. in 
10% (v/v) sodium hypochlorite containing three drops of 
Tween. Cut tissue was sealed with hot wax (Paraplast, 
Eire.) prior to sterilization. 
2.2.3 Initiation and Maintenance of C. frutescens 
Cultures. 
2.2.3.1 Callus Cultures. 
Callus cultures were initiated from C. frutescens 
seeds or stem sections (ca. 2cm long) , sterilized by the 
procedures outlined in 2.2.2. After sterilization, wax 
was removed from the stem explants which were then placed 
onto S&H agar medium supplemented as described in 2.2.1 
in 10cm Petri dishes (Cell Cult.) Seeds were placed on 
Petri dishes supplemented as before. After two weeks, 
seeds had germinated and the shoot apex was removed to 
allow callus proliferation. 	Dishes were sealed with 
parafilm to exclude microorganisms and prevent 
desiccation. Callus was maintained by transferring Ca. 
2.Og of tissue onto fresh medium every two weeks. 
2.2.3.2 Suspension Cultures. 
To initiate suspension cultures, approximately 2.5g 
of callus tissue was transferred to SOml liquid medium in 
a 250ml Erlenmeyer flask and covered with three layers of 
aluminium foil. Cultures were maintained (subcultured) 
by transferring (with a perforated spoon spatula) Ca. 
2.5g of cells into fresh medium every two weeks. Fig. 
2.2.1 shows a typical suspension culture of C. frutescens 
37 
Ca. 28d. from the last subculture. 
Fig. 2.2.1 A Typical Suspension Culture of C. frutescens 
ca. 28d. from the last subculture. 
2.2.3.3 Culture Conditions. 
Cultures were kept under strictly controlled 
conditions at a temperature of 25+/-1 0C and light 
intensity of 25mol.in 2 .sec 1 photon flux density 
(Compton Warmwhite fluorescent tubes). In addition 
suspension cultures were agitated on an orbital shaker at 
98 rpm with an amplitude of 0.8cm. 
2.3 MEASUREMENT OF GROWTH PARAMETERS. 
2.3.1 Measurement of Fruit Growth. 
The length and fresh weight of C. frutescens fruits 
(excluding calyx) were measured at harvest. Fresh weight 
was determined using a Sartorius type 1412 balance. 
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2.3.2 Measurement of Culture Growth. 
2.3.2.1 Determination of Fresh Weight. 
Suspension cells were filtered through Whatman No.1 
filter paper (Whatman International Ltd., U.K.) and then 
weighed as above. 
2.3.2.2 Determination of Dry Weight. 
A known fresh weight of cells was dried for 16h. in 
an oven at 60 0C. Dry weight was determined using an 
Oertling analytical balance after the samples had cooled 
to room temperature in a desiccator. 
2.3.2.3 Determination of Cell Number. 
Approximately 400mg fresh weight of cells was 
macerated in 3ml of a 10% chromic acid solution (w/v 
chromium trioxide in distilled H20) for 15h. Cells were 
further separated by quickly pipetting the solution up 
and down a Pasteur pipette Ca. 20 times. Once cells were 
finely suspended, cell number was estimated using a 
Hawksley Crystallite Haemocytometer (1.8p1 volume). A 
total of six grids were counted and the mean used to 
calculate the number of cells in the original culture 
according to the formula:- 
Cell No. = cell no. per grid x Total vol. x f.wt. 
Grid vol. 	sample wt. 
The cell suspension was diluted with distilled H20 
to produce a cell density of 150 to 200 cells per grid. 
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2.4 DELIVERY OF CAPSAICIN PRECURSORS TO C. FRUTESCENS IN 
VIVO. 
The fate of certain putative capsaicin precursors 
was studied by feeding these compounds to fruits and 
cultured cells of C.frutescens. L-[U-14C]phenylalanine 
was obtained from Amersham International, U.K. Aliquots 
of ljiCi (20!il) were used routinely. Vanillin and ferulic 
acid (both Sigma Chemical Co., UK) were dissolved in 
distilled H20 and 5% (v/v) EtCH respectively unless 
stated otherwise. When precursors were added 
simultaneously, solutions were premixed prior to addition 
to suspension cultures or injection into the loculi of 
attached fruits with a Hamilton microsyringe (lOOpl 
capacity). Solutions delivered to cultured cells in 
suspension were filter sterilized prior to addition using 
preautoclaved l.Oml filter units containing a nylon-66 
filter (0.22pm pore size, Anachem, U.K.) unless stated 
otherwise. 
2.5 SYNTHESIS OF DEUTEPATED AND GLUCOSYLATED VANILLIN. 
To follow the fate of vanillin added to fruits of C. 
frutescens, the compound was labelled with deuterium at 
the 5-H position (see Fig. 2.5.1). -d-Glucosidovanillin 
was also synthesized to aid the identification of certain 
vanillin conjugates. 
2.5.1 Synthesis of [5- 2H]-Vanillin. 
Vanillin was deuterated by catalytic exchange 
according to the method described by Kirby and Cgunkoya 
(1965). Vanillin (ig) was added to 3ml of deuterium 
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oxide (99.8 atom %D, Sigma Chem. Co. Ltd.) and 0.459m1 of 
triethylamine (BDJ-I, Poole, U.K.). The mixture was 
saturated with nitrogen, the tube sealed and heated to 
103 0C for 5h. in a hot-air oven. Vanillin was extracted 
with ethyl acetate:diethylether (EtOAc:Et20) (1:1) after 
acidification of the reaction mixture to pH 3 using 
glacial acetic acid (AcOH). The extract was dried with 
anhydrous sodium sulphate (BDH) and reduced to dryness in 
vacuo at 300C. Vanillin was separated from the resultant 
residue by dissolving in EtOAc, decanting the solution 
and recrystallising the vanillin with hexane. Deuteration 
(90%) was confirmed by nmr (Figs. 2.5.2 - 2.5.4). Fig. 
2.5.2 shows the proton nmr of authentic vanillin from 
Sigma. The chemical shifts of protons and their position 
within the vanillin molecule are shown. Fig. 2.5.3 is the 
proton nmr of vanillin after 5h. deuterium exchange. It 
shows Ca. 90% reduction in the peak corresponding to the 
5-H proton. This is due to its replacement with 
deuterium. Fig. 2.5.4 shows the deuterium nmr spectrum 
for same sample. The broad peak at 5=7.2 is due to 
deuterium atoms in the 5-H position. See 2.7.4.2 for 




Fig. 2.5.1 The Chemical Structure of Vanillin. 
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Fig. 2.5.2 The 1H nmr Spectrum of Unlabelled Vanillin 
from Sigma. 
The identity of known peaks are shown. 
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Pig. 2.5.3 The 1H nmr Spectrum of Vanillin after 5h. of 
Deuterium Exchange. 
The identity of known peaks are shown. 
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Pig. 2.5.4 The 2H nmr Spectrum of Vanillin after 5h. 
Deuterium Exchange. 
Deutero-acetonitrile (CD3CN) was added as a reference. 
The identity of peaks are shown. 
2.5.2 synthesis of -d-G1ucosidovanillin. 
-d-Glucosidovanillin (see Fig. 2.5.5) was 
synthesised according to the method of Hann (1934) with 
slight modification. Vanillin (lg) and acetobromoglucose 
(2g) were dissolved in 20m1, M alcoholic KOH and 30m1 of 
aw13 respectively. The reactants were mixed together 
and ref luxed for 2h. After cooling to room temperature, 
the reaction mixture was washed with 2x50m1 of ice H20. 
The CHC13 layer was retained, dried over anhydrous sodium 
sulphate and reduced to dryness in vacuo at 300C. The 
white crystals of tetra-acetyl--d-glucosidovanh1lin 
obtained were recrystallised as follows. Crystals were 
dissolved in the minimum amount of hot EtOAc and cooled 
on ice. 	Toluene was added until the solution became 
cloudy and crystals idecipitated. 	These were then 
filtered 	off 	and 	dried 	in 	a 	desiccator. 
-d-Glucosidovanillin was prepared by deacetylating the 
tetra-acetylderivative by stirring in excess sodium 
methoxide (0.25g of sodium in methanol) for lh. at room 
temperature. To remove free sodium ions, Amberlite 
ion-exchange resin was added until the pH of the solution 
became neutral. The mixture was filtered and dried in 
vacuo at 35 0C. The resultant crystals were recrystallised 
in EtOAc/hexane and the melting point measured 
(uncorrected) on a Kofler Hotstage apparatus, 179-180 0C. 
The yield was 0.7%. The identity of 
-d-glucosidovanillin was confirmed by 'H nmr and the 
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Pig. 2.5.5. The Chemical Structure of -d-Glucosido-
vanillin. 
2.6 EXTRACTION PROCEDURES. 
Solvent extraction and liquid-liquid partitioning 
were used to extract and fractionate compounds from plant 
tissue. 
2.6.1 Extraction of Unbound Phenyipropanoids and 
Capsaicinoids from suspension Culture Medium. 
In initial studies free phenolics were extracted 
with CHC13 (Analar) using the method described by Hall et 
al. (1987). Cultures were filtered through Whatman No.1 
filter paper under reduced pressure using a Buchner 
funnel. The culture medium was then partitioned against 
3x5Oml Cl-Id3. The organic phase was dried over anhydrous 
sodium sulphate (BDH) and reduced to dryness in vacuo at 
300C. Extracts were re-suspended in lml HPLC grade MeOH. 
Extraction efficiencies for the phenolics and 
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Fig. 2.5.6 The 1H nmr Spectrum of 0-d-Glucosidovanhllin. 
The identity of peaks are shown. 
were determined by adding 50o.tg of each precursor to 
unused culture medium and extracting as described above. 
These efficiencies are shown in Table 2.6.1. Due to poor 
extraction of some compounds a 1:1 mixture of EtoAc:Et20 
was used in lieu of CHC13 in later experiments. 
Extraction efficiencies for this solvent mixture are also 
shown in Table 2.6.1. 
CHC13 	 EtOAc/Et20 
Caffeic Acid 	0 	 55.3 
Capsaicin 	 87.0 103.3 
Cinnamic Acid 	55.0 	 97.9 
Coumaric Acid 6.8 98.0 
Ferulic Acid 	18.5 	 56.8 
Vanillin 	 66.7 92.7 
Vanillyl Alcohol 	55.6 	 94.5 
Vanillylamine 	0 0 
Table 2.6.1 Efficiency of Extraction of Certain Phenolics 
and Phenylpropanoids into the Organic Fraction. 
Values are the mean of three replicates. 
2.6.2 	Fractionation of Phenolic Compounds from Cell 
Tissue. 
In early studies a crude extraction method was 
employed. A known fresh weight of tissue was thoroughly 
homogenised in MeOH (total volume loml.g.f.wt') using a 
mortar and pestle. The tissue was extracted with half 
the volume of MeOH, filtered through glass fibre 
(Whatman, U.K.) and re-extracted with the remaining MeOH 
by stirring under nitrogen in darkness overnight. The 
combined extract was dried in vacuo at 350C and the 
residue suspended in lml HPLC grade MeCH for lh. on ice. 
The extraction efficiencies for certain phenolics and 
phenylpropanoids were calculated by adding Soopg of each 
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compound to Sotnl of MeOH. H20 (Smi) was added to 
substitute for the H20 found in cells. Extraction then 
took place as described above. The efficiencies of 
extraction for the phenolics and phenylpropanoids studied 
are shown in Table 2.6.2. 
MeOH 
Caffeic Acid 	 38.5 
Capsaicin 	 82.8 
Cinnamic Acid 	 33.1 
Coumaric Acid 47.1 
Ferulic Acid 	 43.3 
Vanillin 	 55.6 
Vanillyl Alcohol 	 73.8 
Vanillylamine 	 100.6 
Table 2.6.2 Efficiency of Extraction of Certain Phenolics 
and Phenyipropanoids into MeOH. 
Values are the mean of three replicates. 
In later, more detailed experiments, the MeOH 
extract was further fractionated as follows. The residue 
from the MeOH extraction was re-suspended in ca. 30m1 of 
distilled H20 and acidified to pH 3 with glacial AcOH. 
This was partitioned against 3x30m1 of EtOAc:Et20 (1:1). 
The organic fractions were washed with 30ml of distilled 
1120 acidified as above. The organic phases were 
combined, dried down in vacuo at 300C, re-suspended in 
lml HPLC grade MeOH and stored at -200C. similarly, the 
aqueous phase was dried down at 50 0C, resuspended in 50% 
aqueous MeOH and stored as above. This conveniently 
separated unbound phenolics, which partitioned into the 
organic phase, from their glycosylated derivatives which 
remained in the aqueous phase. 
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The cell residue was further extracted with 0.1M 
NaOH by stirring under nitrogen for 16h. This saponified 
cell wall phenolics. After filtration through a glass 
fibre filter the extract was diluted to 20ml with 
distilled H20. Of this, 2ml was used for the estimation 
of the incorporation of the radiolabel into soluble 
protein (see 2.6.3). The remaining lSml was extracted 
with a 1:1 mixture of EtOAc and Et20 to extract free 
phenolics. 
2.6.3 Isolation of Soluble Protein from Tissue 
The alkaline extract from 2.6.2 contained soluble 
protein. This was precipitated with 40pl TCA 
(Trichloroacetic acid, 100% w/v). The extract was cooled 
on ice for 4h. to aid precipitation. Protein was isolated 
by centrifuging at 3 000rpm for 10mm. with an IEC 
Centra-4R centrifuge (International Equipment Co., 
England). The pellet was retained and washed once with 
100% TCA and three times with 0.1M NaOH. The protein was 
resuspended in lml, 0.1M NaOH and the solution subjected 
to liquid scintillation counting (see section 2.7.3). 
2.6.4 Solubilization of 'Lignin Like' Material in the 
Cell Residue. 
The 'lignin', which remained in the residue after 
extraction by the procedures outlined above, was 
solubilized with acetylbromide as follows. Acetylbromide, 
25% v/v was produced by adding 15ml of acetobromide to 
45ml glacial AcOH. To the cell residue, 6.0ml of 
acetylbromide was added. The solution was heated to 70 0C 
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in a water bath for 30mm., and agitated regularly. The 
mixture was then cooled to room temperature and 5.2nd of 
2M NaOH added to neutralize excess acetylbromide. 
Hydroxylammonium hydrochloride (0.78m1 of a 7.5N 
solution) was added to remove bromine and polybromide 
which caused quenching during scintillation counting. 
The volume of the extract was measured before 200il were 
removed for scintillation counting (Johnson et al., 1961; 
Morrison, 1972) . A summary of the extraction procedures 
described in 2.6.1 to 2.6.4 is shown in Fig. 2.6.1. 
2.6.5 Fractionation of Water Soluble Phenolics from 
Fruits. 
To study the distribution of the deuterium label in 
the 1120 soluble phenolics from the aqueous phase produced 
in 2.6.2, these compounds were fractionated using solid 
phase extraction cartridges as outlined below. Extract 
from five fruits was re-suspended in 3m1 of H20 and 
0.75m1 loaded on each of four Mega Bond Elut C18 Columns 
which had previously been equilibrated with 0.75m1 each 
of 1120, MeOH and 1120. Compounds were separated by 
increasing the proportion of MeOH in H20 (0%, 30%, 50%, 
100% MeOH each given as two consecutive 0.75ml washes). 
These were eluted with a Vac Elut under 21n.Hg. 
pressure. Fractions were analysed by HPLC and deuterium 
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Fig. 2.6.1 A Diagrammatic Representation of the 
Extraction Procedures Outlined in 2.6.1 to 2.6.4. 
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2.7 ANALYTICAL TECHNIQUES. 
2.7.1 Thin Layer Chromatography. 
Thin Layer Chromatography (TLC) was used for the 
separation and identification of phenolic compounds. 
2.7.1.1 separation of Compounds. 
Plastic backed Kiesel gel-60 silica plates of 200pm 
thickness were used for analytical chromatography 
(Merck) . Free phenolics were separated in two dimensions 
using benzene:glacial AcOH (9:2) in the first dimension 
and isopropanol:butanol:ammonia:H20 (6:2:1:1) in the 
second dimension. 	Fig. 2.7.1 shows the separation of 
free phenolics achieved with this solvent system. 	In 
radioactive tracer experiments, cold carriers of each of 
the proposed intermediates in the capsaicin biosynthetic 
pathway (30pg total) were added to the extract prior to 
chromatography to facilitate the correct separation of 
compounds. 
To separate free phenolics and capsaicinoids on a 
preparative scale, glass backed KS silica gel TLC plates 
of 2501im thickness were used (Whatman). Compounds were 
separated in one dimension using the solvent system of 
the first dimension (see above) 
2.7.1.2 Visualization of Compounds. 
Long wave U.V. light was used to visualize compounds 
non-destructively, some phenolics fluoresce and are 
visible at this wavelength whilst others are U.V. 
absorbing and appear as dark areas on the plate. 
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SF1=Solvent Front 1 
SF2=Solvent Front 2 
Solvent System: 
First dimension: benzene : acetic acid (9:2) 
Second dimension: isopropanol : butanol : ammonia : water 
(6:2:1:1) 
Stain: 
1% w/v ferric chloride & 0.5% w/v potassium ferricyanide 
Fig 2.7.1 Two - Dimensional TLC of Certain Free 
Phenolics. 
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Alternatively, phenolic compounds were stained blue using 
1% w/v ferric chloride and 0.5% w/v potassium 
ferricyanide in distilled H20. 
Radioactive compounds separated by TLC were 
visualized by autoradiography. This was carried out at 
-700C using Hyperfilm-HP (Amersham, U.K.). Film was 
routinely exposed for two weeks and was then allowed to 
reach room temperature before development with a 
Gevamatic 60 automatic developer (Agfa Gevaert, W. 
Germany) . To estimate radioactivity of compounds, spots 
were scraped and compounds eluted from the silica with 
MeOH. The mixture was centrifuged at 1000rpm for 5mm. 
WI 
to sediment the silica, the supernatant decanted and 
subjected to liquid scintillation counting as described 
in section 2.7.3. 
2.7.2 High Performance Liquid chromatography. 
High Performance Liquid Chromatography (HPLC) was 
used 	for 	the 	separation, 	identification 	and 
quantification of phenolic compounds 	and their 
derivatives in Capsicum extracts. 
2.7.2.1 sample and Solvent Preparation. 
Samples were dissolved in HPLC grade solvents (imi 
of 100% or 50% aqueous MeOH) before being filtered 
through a nylon-66 filter (0.4pmpore size, Rainin) to 
remove particulate material. All aqueous solvents were 
filtered through cellulose acetate membranes (0.45pm pore 
size) whilst MeOH was filtered through nylon membranes of 
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identical pore size. All solvents were degassed with 
helium to remove suspended air bubbles prior to 
chromatography. 
2.7.2.2 Chromatographic Conditions. 
A 	Hewlett-Packard HP 1090 liquid chromatograph 
fitted with a binary DR5 solvent delivery system and 
autosampler was used in conjunction with a 4.5pl flow 
cell. separation was achieved using a 200x5mm, 5pm 
Hypersil Has c8 column at 40 0C with a gradient of NeaH 
and 5% AcOH as the eluting solvent (see Fig. 2.7.2) and a 
flow rate of lmlmin 1 . All phenolics could be separated 
in a 30mm. run and authenticity was checked by U.V. 
spectrophotometry of each peak (240-352nm) and by running 
standards each day (Fig. 2.7.3). Estimation of phenolic 
levels was achieved by injecting different levels of 
authentic standards and constructing calibration curves 
(see Fig. 2.7.4). Straight lines were fitted to these 
graphs by eye. When measurements of radioactive levels 
were required column effluent was collected over 1mm. 
intervals with a LKB 2211 Superrac Fraction Collector and 
radioactivity estimated using Liquid Scintillation 
Counting. 
2.7.3 Liquid Scintillation Counting. 
The level of radioactivity in samples.was determined 
using an Intertechnique SL-3000 Liquid Scintillation 
Counter. Although this method is highly sensitive, 
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Fig. 2.7.2 solvent Gradient used in HPLC Analysis. 
Figures are given as percentage MeOH in 5% AcOH. 
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Fig. 2.7.3 A Sample HPLC Chromatogram of Standard 
Phenyipropanoids and Phenolics. 
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Fig. 2.7.4 HPLC Calibration Curves for Capsaicin and 
Certain Phenolics. 
Lines were fitted by eye. 
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necessary to construct a quench correction curve to 
relate the machine efficiency to the X-value (calculated 
by the counter) . This was achieved using the external 
standard ratio method. Known activities of 
L-[U- 14C]phenylalanine were quenched to various levels 
with acetone (0-300111). From this, the efficiency of 
counting was calculated for different X-values and a 
quench curve constructed using linear regression to plot 
the best fit line (Fig. 2.7.5) and the correlation 
coefficient, r, is shown. 
The scintillation cocktails used were as follows:-
Butyl-PBD (6.2g) in 300n1 toluene for non-aqueous samples 
i.e. TLC eluant. Butyl-PBD (6.2g) in 200ml toluene and 
lOOml Triton X-100 for aqueous samples i.e. 	HPLC 
effluent. 	Samples were routinely mixed with 4m1 
scintillant before counting. 
2.7.4 Nuclear Magnetic Resonance (MNR). 
1H nmr 	(proton nmr) was used to confirm the 
identity of certain phenolics and their derivatives. The 
fate of added [5- 2H]-vanillin was followed using 2H nmr 
(deuterium nmr). This technique determines the position 
of the deuterium label within compounds. 
2.7.4.1 'H nmr. 
Compounds were dissolved in the minimum amount of a 
suitable deuterated solvent, either CDC13 or D20. 
Solutions were then filtered through cotton wool fibre 
before being run at 400MHz on a Bruker AMX 400 nmr 
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Fig. 2.7.5 Quench Correction Curve for 14Carbon. 
The correlation co-efficient, r, is shown. 
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tetramethylsilane (TMS) were reported in ppm. 
2.7.4.2 2H nmr. 
The deuterium content of fruits fed exogenous 
[5-21-I]-vanillin and extracted as described in 2.6.2 was 
measured by deuterium nmr. After extraction, fractions 
were dried in a Lyolab A freeze drier. The samples were 
re-suspended in the minimum volume of suitable solvent 
i.e. the organic phase in CHC13, the aqueous and cell 
wall fractions in H20. The spectra were recorded on the 
Bruker AMX 400 instrument operating at 61.4MHz. The 
organic phase and the aqueous phase were further purified 
by l-D TLC (2.7.1) and Bond Elut cartridges (2.6.5) 
respectively. Deuterium content in purified compounds or 
fractions was measured in CHC13 or H20 as above. 
Deutero-acetonitrile (CD3CN) was sometimes added as a 
secondary reference. A review of the theoretical basis of 
nmr can be found in Appendix A. 
2.8 STATISTICAL TREATMENT OF DATA. 
2.8.1 standard Error of the Mean. 
Standard error was calculated according to the 
method of Parker (l97)). It provides a measure of the 
variability between replicates within treatments. 
2.8.2 Regression Analysis. 
Linear regression was used to fit a straight line to 
a set of data points subject to the equation Y = a + bX, 
where b defines the gradient and a the point at which the 
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line crosses the I axis. 
2.8.3 Analysis of Variance. 
One-way and two-way analysis of variance was 
calculated using the Minitab Statistical Package on the 
Edinburgh University EMAS computer system. It was used to 
test the null hypothesis that samples were drawn from a 
single population or several populations with the same 
mean. The least significant difference (L.S.D.) at the 5% 
level was calculated according to the method of Snedecor 
and Cochran (1976) and allowed the comparison of sample 
means. 
2.8.4 Arcsin Transformation. 
Percentage values follow a binomial distribution and 
hence S.E. values cannot be calculated. Percentage data 
were subjected to arcsin transformation to allow standard 





This 	chapter is divided into seven main parts 
(3.1, 3.2, 3.3, 3.4, 3.5, 3.6 and 3.7). 	In part 3.1, an 
analysis of the growth cycle characteristics of 
suspension cultures of C. frutescens was made. 
In 	part 3.2 feeding experiments were conducted 
with ferulic 	acid, 	the 	proposed precursor 	of 
vanillin, to establish if a biotransformation would 
occur in culture. As no vanillin was produced ferulic 
acid was then supplied to cultures with either cat feic 
or coumaric acid to establish if this would alter the 
equilibrium and force the reaction to vanillin. It was 
originally intended to follow this work with similar 
experiments with radiolabelled ferulic acid as this 
would give greater sensitivity in the detection of 
vanillin. However, due to problems encountered during 
the labelling process (see Appendix B) the direction of 
the project changed and the experiments in part 3.3 
focussed on the direct effect of added vanillin on 
phenolic metabolism in cultured cells. Here, the 
• changes in the metabolism of suspension cultures 
following the addition of vanillin were studied, together 
with the effects of vanillin on the incorporation of 
[ 14 C]phenylalanine into free, bound and cell wall 
phenolics, protein and the 'lignin-like' material. 
In parallel to the studies with cultured 
cells, experiments were also conducted with C. 
frutescens fruits (parts 3.4 to 3.7). In part 3.4 the 
accumulation of capsaicin in fruits was characterized 
65 
prior to the feeding experiments conducted in parts 3.5 
to 3.7. 
In 3.5 the effects of vanillin on phenyipropanoid 
and phenolic metabolism were studied in fruits at 
different developmental stages by investigating the 
changes which accompany the incorporation of 
[ 14C]phenylalanine into various fractions in the presence 
or absence of vanillin. 
In part 3.6 vanillin was fed to fruits over a time 
course to look for any transient compounds which may be 
produced as the vanillin was metabolized. 
Finally the fate of added (5-2H]vanillin in fruits 
was followed using nmr (part 3.7). By following the fate 
of this stable isotope it may be possible to determine if 
added vanillin could act as a precursor to capsaicin in 
fruits of C. .frutescens. 
M. 
3.1 MEASUREMENT OF GROWTH AND DEVELOPMENT OF C.FRUTESCENS 
SUSPENSION CULTURES. 
The aim of this experiment was to characterize the 
development of C. frutescens suspension cultures prior to 
feeding of putative capsaicin precursors to cells. The 
length of the various stages of the culture cycle can be 
variable for different cultures therefore it was 
essential, as a prerequisite to this study with suspended 
cells, to define, with some accuracy, the different 
phases of the culture cycle in the cell strains of C. 
frutescens being used. 
Suspension cultures were maintained on S&I-f media 
supplemented as described in 2.2.1 and subcultured every 
two weeks (see 2.2.3.2). Approximately 3g f.wt. of cells 
were weighed and placed in suspension. These were 
subsequently harvested at regular intervals and culture 
growth characterized by measuring f.wt., d.wt. and cell 
number as described in section 2.3.2. In addition the pH 
of the medium was also measured. The growth curves for 
these suspension cultures are shown in Figs 3.1.1-3.a. 
Each point is a mean of three replicates and standard 
errors are shown. An estimation of cell size can be 
gained by dividing f.wt. values by the corresponding 
values for cell number and these data are presented in 
Fig. 3.1.4. The pattern of growth of plant cells grown in 
suspension culture is well documented (Wilson et al., 
1971; King et al., 1973). It has been reported by these 
workers that suspension cultures show the characteristics 
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of a sigmoid growth curve which can be divided into 
distinct phases of growth; lag, exponential, linear, 
deceleration and stationary phase. These phases can be 
more clearly seen if the raw data are transformed to 
natural logarithms (log e). Hence the data for f.wt., 
d.wt. and cell number was transformed to log e and plotted 
against time, Figs. 3.1.1-3.b respectively. Linear 
regression was used to fit the best-fit line to each 
distinguishable phase of growth and the correlation 
coefficient (r) is shown for each phase. The gradient of 
these lines gives the mean relative growth rate (R) for 
each of the growth phases. From this the doubling time 
(DT) can also be calculated for each phase of growth. 
This is defined as log2/R or 0.693/R. It is true that 
where one growth phase ends and another begins is to some 
extent subjective and, in reality, these changes are not 
as sudden as represented on Figs. 3.1.1-3.b but more 
gradual. 
3.1.1 Fresh Weight. 
Fig. 3.1.1.a shows the increase of f.wt. of cells at 
harvest. There is some increase in f.wt. from 0-11d., 
however this increase is slower than that measured from 
11-33d. between which times there is a rapid increase in 
growth. From 33-40d. there is a progressive deceleration 
in the rate of f.wt. increase after which time there is 
no increase in f.wt. Over the culture period there was 
approximately a 7 fold increase in f.wt. 
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Pig. 3.1.1.a The Increase in Fresh Weight of C. 
frutescens Suspension Cultures with Time. 





















10 	20 	30 	40 	60 	00 
Time after Subculture (days) 
Pig. 3.1.1.b The Semi-logarithmic plot of Fresh Weight 
with Time. 
[b] 
is shown in Fig. 3.1.1.b. Four phases of growth can be 
distinguished. There is an initial slow increase from 
0-7d., R=2.lxl0 2d, DT=33d., followed by a period of 
exponential growth from 7-19d. when R9.5x1O 2 d. 1 and 
the DT is 6.7d. From 19-33d. there is a deceleration in 
growth, R=4.3xl0 2 d. 1 , DT=16.1d. The stationary phase 
begins at 33d. and lasts until 60d. when growth has 
virtually ceased; R=4.Ox1O 3d., DT=173.3d. Analysing 
the data in this way provides a more accurate estimate of 
the time of onset of the various growth phases. From 
this analysis there appears to be no definite lag phase 
but there is an initial period of slow growth. 
Presumably the lag phase is shorter than 4d., the first 
sampling point. 
3.1.2 Dry Weight. 
Fig. 3.1.2.a presents the changes in d.wt. of cells 
with time which shows a slightly different trend to those 
of f.wt. There is an initial period of rapid increase in 
d.wt. from 0-33d. which precedes a decrease from 33-60d. 
A maximum value for d.wt. (0.791g) was recorded on 33d. 
From this it can be seen that there is a period of ca. 
17d. where f.wt. increases whilst d.wt does not. This 
must be due an uptake of water which is more rapid than 
synthesis and accumulation of protein and cell wall 
material. There was a 6 fold increase in the d.wt. of 
cells over the culture period. 
Fig 3.1.2.b shows the semi-logarithmic plot of log e 
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Fig. 3.1.2.a The Changes in the Dry Weight of C. 
frutescehs suspension Cultures with Time. 
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Fig. 3.1..2.b The Semi-logarithmic plot of Dry Weight with 
Time. 
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a fast growth phase from 0-27d. and a slow growth phase 
from 27-60d. The R values for these two periods are 
6.5xl0 2d. 1 and 5.3xl0 3 d. 1 repectively giving DT of 
10.6d. and 132.0d. This is similar to the raw data 
values for d.wt. which show these two phases, although 
the length of these vary. Again there is no detectable 
lag phase. 
3.1.3 Cell Number. 
The increase in cell number of cultures is shown in 
Fig. 3.1.3.a. The increase in cell number is similar to 
the increase in the f.wt. of cells. The maximum number 
of cells was recorded at 40d. after which it remained 
relatively constant. 
The semi-logarithmic plot of loge cell number 
against time is shown in Fig. 3.1.3.b. This indicates 
three stages of growth. The first is a period of 
exponential increase from 0-14d. with an R value of 
2.0x10 1d.' 1 and a DT of 35d. The second phase 14-40d. 
shows a decrease in the growth rate, R3.8xlO 2d., 
DT=18.4d. There is a stationary\decline phase from 
40-60d. during which time there is a decrease in the cell 
number due to cell death. The B value for this period is 
-5.2xl0 3 d. -1 • 
3.1.4 Estimation of Average Cell Size. 
If the f.wt. is divided by the cell number the 
average weight of a cell can be calculated and this gives 
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Pig. 3.1.3.a The Changes in Cell Number of C. frutescens 
Suspension Cultures with Time. 
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Pig. 3.1.3.b The Semi -logarithmic plot of Cell Number 
with Time 
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changes in average cell size with time. From Fig. 3.1.4 
it can be seen that there is a decrease in the average 
cell size immediately after subculture. This could be 
due to the large vacuolar cells dividing into smaller 
cells or perhaps only the smaller cells divide. This 
would increase the ratio of smaller cells in the culture. 
Average cell size decreases to 19d. when it reaches a 
value of 3.35x1r 7g.cell. It then fluctuates until ca. 
40d. At the end of the culture period cell size 
increases again but never reaches its initial size. Cell 
size was expected to return to the Cd. value. If it did 
not cells would become smaller at successive subculturing 
which does not occur. The Od. values were variable 
(denoted by large error bars) and it maybe that errors in 
the estimation of cell number and measurement of f.wt. 
have been compounded by dividing one set of values by the 
other. 
3.1.5 pH of the Culture Medium 
Fig. 3.1.5 shows the change in pH throughout the 
culture period. There is a sharp decrease from pH 5.5 at 
Cd. to pH 4.6 at 4d. prior to a recovery in pH to 5.1 at 
7d. Thereafter the pH increases only slightly from 7-19d. 
(pH 5.1-5.3). Between 19-33d. there is a period of rapid 
increase from pH 5.3-6.5 after which there is a levelling 
off in the increase. By comparing Figs. 3.1.1-3a and 
3.1.5 it appears that culture growth ceases when the pH 
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Fig. 3.1.4 The changes in Average Cell Size with Time. 
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Fig. 3.1.5 The Changes of pH of the Culture Medium with 
Time. 
Bars represent the S.E. of the mean of three replicates. 
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3.1.6 comparison with other Cultures. 
These cultures demonstrate broad similarities with 
other cultures grown in suspension i.e. they show a 
rapid phase of growth which precedes a cessation in 
growth (King et al., 1973). In this study no lag phase 
was apparent. The cultures grow more slowly than others 
of the same cultivar grown under identical conditions for 
example Holland (1989) showed that culture growth, as 
measured by f.wt. and d.wt., stopped by 22d. whilst 
Sukrasno (1991) showed a plateau in growth which was 
reached by Ca. lsd. with cultures grown on S&H media. 
3.1.7 selection of Time Points for Feeding Experiments. 
In the initial experiment with feruliç acid (3.2.1) 
two ages of culture were used 7 and 35d. from subculture 
when cultures were just entering the rapid exponential 
phase of growth and at the beginning of the stationary 
phase respectively (with respect to f.wt). In later 
experiments in part 3.2 one culture stage was used (8d. 
from subculture) at which time cultures were just 
entering the most rapid phase of growth. 
Two ages of cultures were used when unlabelled 
vanillin was fed to cultures, (see 3.3.1). These were 
7d. and 19d. from the last subculture which corresponds 
to the beginning and end of the exponential phase 
respectively with respect to f.wt. In 3.3.2 three ages 
of culture were used; 7, 14 and 21d. from the last 
subculture as it was decided to concentrate on the early 
phase of culture growth in this section. with respect to 
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f.wt. 7d. cultures are entering the most rapid phase of 
growth, 14d. cultures are in the middle of this phase and 
at 21d. they are in the deceleration phase. 
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Summary of 3.1 
The growth of suspension cultures of C. .frutescens 
was characterized using semi-logarithmic plots of growth 
measurements plotted against time. The pH of the culture 
medium was also followed throughout the culture cycle. 
The following points emerged:- 
1.) 	Using f.wt. 	four growth phases could be 
distinguished: - 
A period of slow growth from 0-7d. 
A period of exponential growth from 7-19d. 
A deceleration in growth from 19-33d. 
A stationary phase from 33-60d. 
2.) Using d.wt. two phases of growth were distinguished:- 
A rapid phase of growth from 0-27d. 
A stationary/decline phase from 27-60d. 
3.) Using cell number three growth phases could be 
distinguished:- 
An immediate, rapid period of growth from 0-14d. 
A slowing down of growth from 14-40d. 
C.) A stationary phase from 40-60d. 
No lag phase was detected using any of the growth 
parameters. 
4.) Average cell size decreased initially, fluctuated and 
then increased towards the end of the culture period. 
5.) The pH of the culture medium over the culture period 
was found to decrease initially then increase and reach a 
plateau of ca. pH 5.25 from 8-21d. It then rose sharply 
to ca. pH 6.5 by 34d. where it remained relatively 
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constant until the end of the culture period. Culture 
growth appeared to stop when the pH rose above pH 6.5. 
79 
3.2 THE EFFECT OF ADDED FERULIC ACID ON PHENOLIC 
METABOLISM IN SUSPENSION CULTURES OF C. FRUTESCENS. 
The aim of the experiments described in this part 
was to study changes in phenolic metabolism when ferulic 
acid was supplied to suspension cultures of C. 
frutescens. section 3.2.1 is a preliminary experiment in 
which lmgml 1 of ferulic acid was fed to cultures at two 
developmental stages. section 3.2.2 describes the effect 
of a range of ferulic acid concentrations on phenolic 
metabolism in cultures at the onset of growth. Section 
3.2.3 outlines an experiment in which ferulic acid was 
supplied to cultures with either caffeic or coumaric acid 
which are known to have a role in capsaicin biosynthesis 
(Bennet and Kirby, 1968). 
3.2.1 A Preliminary Experiment to Investigate the Effect 
of Ferulic Acid on Phenolic Metabolism in suspension 
Cultures. 
The aim of this experiment was to determine if 
ferulic acid could be taken up and further metabolized by 
suspension cultures of C. frutescens. 
Suspension cultures were maintained on 5&H medium in 
250m1 Erlemeyer flasks as described in 2.2.3.2 and 
subcultured every two weeks. Ferulic acid (lmgml soln.) 
was prepared in 5% (v/v) EtOH in H20 and autoclaved at 
15p.s.i. for 15mm. prior to the addition of 1mg to one 
culture 7d. and one 35d. from the last subculture. 
Control cultures were supplied with lml of 5% (v/v) EtOl-! 
in H20, sterilized by autoclaving under identical 
conditions as ferulic acid. After addition of these 
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solutions, cells were incubated under standard culture 
conditions (2.2.3.3) for 2h. and harvested by filtration 
through Whatman No.1 filter paper using a Buchner funnel. 
The media filtrates were extracted with 3x50m1 aliquots 
of CHC13 and the cells extracted in MeOH (lOml.g.f.wt), 
see 2.6.1 and 2.6.2 respectively. Extracts were analysed 
for phenolic content by HPLC as described in 2.7.2. 
Fig. 3.2.1 shows the HPLC chromatograms of media and 
cell extracts for the two 7d. cultures. In the control 
culture (supplied with 5% EtOH) virtually no phenolics 
were detected in the CHC13 extract of the medium. In 
contrast, the culture supplied with ferulic acid showed 
the presence of cis and trans-ferulic acid in the medium 
(peaks at 11.72 and 12.92mm. respectively). There were 
also two additional peaks at 10.80 and 16.77mm. which 
were found to be due to degradation products of ferulic 
acid which appeared during autoclaving. Although 
predominantly trans-ferulic acid was the isomer supplied 
to cultures, both cis and trans-f erulic acid were 
detected on extraction. The cis isomer was only 
tentatively identified as no standard was available. 
However, the peak at 11.72mm. had a similar U.V. maxima 
as cis-ferulic acid (The Merck Index, 1989) and ferulic 
acid is known to isomerize on exposure to U.V. light and 
certain solvents (The Merck Index, 1989). 
The cell extract for the 7d. control culture showed 
three major peaks of unknown compounds with Rt's of 
10.94, 12.99 and 16.02mm. Extracts from cells fed with 
81 
MEDIA EXTRACT - CONTROL 
• MEDIA EXTRACT-PLUS FERULIC ACID 
TF 















Fig. 3.2.1 HPLC Chromatograms of Media and Cell Extracts 
of 7d. Cultures. 
Known compounds are labelled. 
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ferulic acid showed the same three peaks as the control 
with an additional peak at 8.55mm. This peak was shown 
to have the same Rt  as caffeic acid and an identical U.V. 
spectrum. Hence it was tentatively identified as caffeic 
acid. 
Fig. 3.2.2 shows the HPLIC chromatograms for media 
and cell extracts of the culture fed with ferulic acid 
and also the control (both 35d. from last subculture). 
In 35d. cultures, the media extracts contained virtually 
no detectable phenolics as in 7d. cultures. In the 
culture supplied with ferulic acid a small residual 
amount of both cis and trans-ferulic acid remained in the 
medium. 
In the cell extract from 35d. control cultures the 
same three unidentified phenolics were present as in 7d. 
cultures. Similarly, with 35d. cultures fed with ferulic 
acid there was a peak at 8.55mm. corresponding to 
caffeic acid. 
No other phenolics from the proposed capsaicin 
biosynthetic pathway were detected in either culture. 
Table 3.2.1 shows the amounts of identifiable phenolics 
recovered from the cultures. 
MEDIA EXTRACT-CONTROL 
I 	 - 	I 


















Fig. 3.2.2 HPLC Chromatograms of Media and Cell Extracts 
of 35d. Cultures. 
Known compounds are labelled. 
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7d. from 	 35d. from 
subculture subculture 
Control +Ferulic Control +Perulic 
Acid 	 Acid 
perulic Acid 	n.d. 	145 (41) n.d. 	15 (1) 
in Medium 
Caffeic Acid 	n.d. 	221 (62) n.d. 	236 (22) 
in Cells 
Table 3.2.1 The amounts of known phenolics recovered 
from suspension cultures of C. frutescens. 
All values are in pg. Numbers in brackets refer to the 
levels per g.f.wt. of tissue. The ferulic acid values 
reported are for trans-ferulic acid recovered only. 
n.d.= not detected. 
Table 3.2.1 shows that between the two stages of 
culture development there are no qualitative differences 
in the phenolic compounds produced. As there was only one 
flask per age of culture no firm conclusions about the 
quantitative differences in phenolic levels can be drawn. 
However, it can be seen that the 7d. culture has nearly 
10 times the amount of trans-ferulic acid left in the 
medium as the 35d. culture. This is probably due to the 
greater quantity of cells present in the older culture 
metabolizing more ferulic acid. In cells there is 
approximately the same amount of caffeic acid produced in 
both cultures; 221j.tg in the 7d. culture and 236ig in the 
35d. culture. On a per g.f.wt. basis, however, there is 
62pg.g.f.wt in the 7d. culture and 22pg.g.f.wt. in the 
35d. culture. 
In the next experiment the effect of a range of 
ferulic acid concentrations on phenolic metabolism was 
studied with particular attention being paid to caffeic 
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acid levels. In theory, it may be possible to stimulate 
cells to produce vanillin or other phenolics by using the 
appropriate level of ferulic acid. As no qualitative 
differences in the phenolics accumulated at the two 
different stages of culture development were observed in 
this experiment, it was decided to use just one 
developmental stage. Cultures in the rapid phase of 
growth were used. 	 - 
0' 
3.2.2 The Effect of Different Concentrations of Ferulic 
Acid on Phenolic Metabolism in suspension Cultures of C. 
frutescens. 
The aim of this experiment was to investigate 
changes in phenolic metabolism which accompany the 
addition of ferulic acid at a range of concentrations. 
Different levels of ferulic acid may affect phenolic 
metabolism differently. It could be that vanillin is 
produced in detectable amounts only within a narrow range 
of ferulic acid concentrations, high levels of ferulic 
acid may be toxic to cells. Cultures entering the rapid 
phase of growth (3d. from last subculture) were used. 
Periods of exposure to ferulic acid were 2h. and 24h. 
Cultures were maintained on S&H medium supplemented 
as described in 2.2.1 and subcultured every two weeks 
(see 2.2.3.2.) Ferulic acid was prepared in 5% (v/v) 
EtOH in H20 in stock solutions so that nil of each 
solution in a bond culture produced 0.125, 0.25, 0.50, 
1.00, 2.00mM concentrations in the bathing medium. These 
solutions were filter sterilized as described in 2.4 
before addition to suspension cultures. After the 
addition of ferulic acid, cultures were incubated under 
standard growth conditions (see 2.2.3.3) for 2h. and 24h. 
There were three replicates for each treatment giving a 
total of 30 flasks, 15 for each incubation period. 
Cultures were harvested at the end of the incubation 
period by filtration through Whatman No.1. filter paper. 
Phenolics were extracted from the medium with 3x5Oml 
aliquots of CHC13; the cells with lOml of Me011 per 
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g.f.wt. of tissue (as described in 2.6.1 and 2.6.2 
respectively) . Extracts were analysed for phenolic 
content by HPLC as described in 2.7.2. 
3.2.2.1 compounds Extracted from the Medium of Suspension 
Cultures. 
The amount of trans-ferulic acid recovered from the 
media of cultures is shown in Fig. 3.2.3. As different 
levels of ferulic acid were added for each treatment data 
are represented as the amount of ferulic acid recovered 
as a percentage of that added. Percentage values do not 
follow a normal distribution and hence S.E. cannot be 
calculated. For this reason percentage values were 
subjected to arcsin transformation to allow mean and S.E. 
to be calculated. The Arcsin transformed values are 
difficult to relate to the original percentage values so 
a percentage scale has been plotted as a guide. 
From Fig. 3.2.3 it can be seen that, after a 2h. 
exposure, the ferulic acid recovered from the medium 
rises as the concentration is increased, 8.00 at 0.125mM 
and 26.10 at 2.00mM (ca. 2.0 and 19.3% respectively). 
From this it would seem that the cells respond to the 
increased amount of ferulic acid until they become 
saturated. After 24h. incubation the picture is very 
different. At 0.125mM no ferulic acid was recovered from 
the medium. From 0.250 to 1.00mM the amount of ferulic 
acid recovered is similar 2.4 0 to 3.8 0 (0.3 and 0.5% 
respectively). However at 2.00mM the amount of ferulic 
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Fig. 3.2.3 Amount of Ferulic Acid Recovered from Culture 
Medium Represented as a Percentage of that Added. 
Bars are the S.E. of the mean of three replicates. 
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suggesting that no further metabolism has taken place 
after exposure for 2h. From these data it would seem that 
between 1.00mM and 2.00mM the level of metabolism is 
seriously reduced probably because ferulic acid is toxic 
at this concentration. It should also be noted that 
although the amount of ferulic acid recovered is low (ca. 
20% at most) this is due at least in part to the low 
extraction efficiency of ferulic acid into CHC13 as the 
values presented in Fig. 3.2.3 have not been corrected 
for losses which occurred during extraction. An 
estimation of the actual amounts of ferulic acid present 
is made and discussed in 3.2.2.3. 
At certain concentrations of ferulic acid an unknown 
compound (A) appeared in the medium with a Rt of 7.4mm. 
The amounts of Compound A produced at various ferulic 
acid concentrations are shown in Fig. 3.2.4. Indeed, it 
is only produced in measurable amounts after 24h. After 
2h. it can only be seen in trace amounts which are below 
the limits of quantitative detection with this method. 
The concentration of Compound A, 24h. after ferulic acid 
is supplied, rises with increasing ferulic acid 
concentration to a maximum value of 245x10 3 relative 
absorption units (A280nm) in the presence of 1.00mM 
ferulic acid. At 2.00mM ferulic acid compound A was not 
detected. The U.V. spectrum of Compound A is presented in 
Fig. 3.2.5 and is similar to that of vanillin and 
protocatechuic aldehyde (also shown in Fig. 3.2.5). If 
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Fig. 3.2.4 amounts of Compound A Recovered from the 
Medium of Cultures after 241i. 
Bars represent the S.E. of the mean of three replicates. 
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COMPOUND A - DV. MAX 278nm 
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Pig. 3.2.5 The U.V. Spectra of Selected Phenolic 
Compounds. 
The wavelengths of the U.V. maxima are shown. 
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protocatechuic aldehyde it was shown that Compound A and 
protocatechuic aldehyde did not co-chromatograph. Nor 
does Compound A have a similar spectrum to vanillic acid 
or -d-glucosidovanillin (see also Fig. 3.2.5). Neither 
can compound A be 4-hydroxy-3-methoxycinnamaldehyde, the 
corresponding aldehyde of ferulic acid, as the conjugated 
double bond present would shift the absorption maximum 
upwards (see Brown et al., 1988). 
3.2.2.2 compounds Accumulated in the cells of suspension 
Cultures. 
As in 3.2.1 caffeic acid was accumulated in the 
cells of suspension cultures when ferulic acid was 
supplied in the medium. Figs. 3.2.6 and 3.2.7 show the 
amounts of caffeic acid recovered from cells plotted 
against the concentration of ferulic acid added. Amounts 
are shown on a per culture and on a per g.f.wt. basis. 
In those cultures fed with ferulic acid for 2h. there 
was a sharp increase in the amount of caffeic acid 
accumulated when the ferulic acid concentration was 
increased from 0.125 to 1.00mM, a 14 fold increase (see 
Fig. 3.2.6). The maximum level of caffeic acid reached 
was 956pg with 1.00mM ferulic acid. There is a decrease 
from this maximum level (to 690pg) when cells were 
incubated with 2.00mM ferulic acid. The results on a per 
g.f.wt. basis show an increasing trend in caffeic acid 
levels with increasing ferulic acid concentration. A 
maximum amount of caffeic acid, Ca. 120pg, was recorded 
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Concentration of Ferulic Acid (mM) 
Fig. 3.2.6 amount of Caffeic Acid Recovered from the 
Cells of suspension Cultures after 2h. 
Data are presented on a per culture and per g.f.wt. 


























0 0.1260.250 	0.500 	 1.000 	 2.000 
Concentration of Ferulic Acid (mM) 
Pig. 3.2.7 amount of Caffeic Acid Recovered from the 
Cells of suspension Cultures after 24h. 
Data are presented on a per culture and per g.f.wt. 
basis. Bars represent the S. E. of the mean of three 
replicates. 
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The amount of caffeic acid present in cells after 
exposure to ferulic acid for 24h. shows the same pattern 
as after 2h. (see Fig. 3.2.7). Caffeic acid levels show 
an increasing trend as the ferulic acid concentration is 
raised, up to a maximum recorded level of 1990pg of 
caffeic acid at 1.00mM ferulic acid. A 32 fold increase 
in caffeic acid levels was observed when the ferulic acid 
concentration was raised from 0.125 to 1.00mM. At 2.00mM 
ferulic acid the amount of caffeic acid produced appeared 
to be less than the maximum (1645pg) but one-way analysis 
of variance showed this decrease was not significant at 
p<0.05. When the data are presented on a per g.f.wt. 
basis there is an increasing trend in caffeic acid levels 
with the increasing concentration of added ferulic acid. 
A maximum level of 119pg of caffeic acid was recorded at 
1.00mM of added ferulic acid. 
It is probable that caffeic acid is being produced 
from the ferulic acid supplied to the cultures either by 
a biotransformation or by an alteration of the 
equilibrium of the conversion of caffeic to ferulic acid. 
This would involve the demethylation of the methoxy group 
on the 3-carbon position of the benzene ring. However, as 
caffeic acid is an intermediate in the phenylpropanoid 
pathway it could be that caffeic acid levels increase by 
perturbation of the phenylpropanoid pathway when ferulic 
acid is added to cultures. In an effort to establish 
which of these explanations is correct, the total amount 
of ferulic and caffeic acid in cultures was calculated 
and corrected to allow for incomplete extraction and 
isomerization of ferulic acid during extraction. If the 
total amount of ferulic and caffeic acid present in 
cultures is much larger than the amount of ferulic added, 
then the caffeic acid produced must be due to a build up 
in its level when the pathway is perturbed and not due to 
an interconversion of ferulic to caffeic acid. This is 
discussed in 3.2.2.3. 
3.2.2.3 Estimation of the Total Amount of Ferulic and 
Caffeic Acid Present in Cultures. 
The total amounts of ferulic and caffeic acid 
present in cultures were estimated by multiplying the raw 
data by a correction factor to take account of the 
extraction efficiencies, 5.4 and 2.6 for ferulic and 
caffeic acid respectively. These amounts (in gig) were 
then converted to pmoles to take account of mol. wt. 
differences. These values and the pmoles of ferulic acid 
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Table 3.2.2 The Amounts of Ferulic Acid Added to Cells 
and the Amounts of Ferulic and Caffeic Acid Estimated to 
be Present in Cultures after 2 & 24h. 
Values are in pmoles and are the mean of three replicates 
(1 - S-E.) 
From Table 3.2.2 it is not clear if ferulic acid is 
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converted to caffeic acid or whether caffeic acid levels 
rise in response to the pathway being overloaded with 
ferulic acid. In some cases the combined amounts of 
caffeic and ferulic acid present exceeds the amount of 
ferulic acid added which would imply that caffeic acid 
levels rise when the pathway is perturbed. However, in 
most cases it does not and hence a conversion of ferulic 
to caffeic acid could be occurring. In cultures fed with 
12.50, 25.00 and 50.00pmoles ferulic acid for 24h. a 
large amount of ferulic acid is unaccounted for, and 
these are the treatments in which compound A is produced. 
It would appear that there is some interconversion of 
ferulic, caffeic acid and compound A but without 
radiolabelled ferulic acid it is not possible to be sure. 
3.2.3 The Effect on Phenolic Production of Joint Feeding 
of Ferulic Acid with either Cat feic or Coumaric Acid. 
In the previous section (3.2.2) caffeic acid and an 
unknown compound were produced when I erulic acid was 
supplied to suspension cultures. No detectable amounts 
of vanillin were produced. The aim of this experiment 
was to determine changes in phenolic metabolism when 
ferulic acid was fed to suspension cultures in 
conjunction with other putative vanillin precursors. It 
may be that an alteration in the equilibrium of the 
reaction of caffeic to ferulic acid may lead to the 
production of other phenylpropanoids or phenolics derived 
from ferulic acid and provide clues to the metabolism of 
ferulic acid in these cultures of C. .frutescens. 
Cultures were maintained on S&H medium supplemented 
as described in 2.2.1 and subcultured every two weeks 
(see 2.2.3.2). 	cultures 8d. from the last subculture 
were used in the experiment. 	Ferulic, caffeic and 
coumaric acid (all lmgml 1 ) were dissolved in 5% Et011 
(v/v) in 1120 and sterilized prior to addition by 
autoclaving at 15p.s.i for 15mm. Cultures were given 
one of four treatments;- control (5% Et011, v/v in 1120), 
ferulic acid (1mg), caffeic and ferulic acid (1mg of 
each), coumaric and ferulic acid (1mg of each). There 
were three replicates for each treatment, giving a total 
of 12 flasks. After the addition of precursors cultures 
were incubated for 2h. and then harvested by filtering 
through Whatman No.1 filter paper. Media were extracted 
in 3x50m1 aliquots of cHc13 and cells in NeOH 
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(lOml.g.f.wt. 1 tissue) 	as described in 2.6.1. and 	2.6.2 
respectively. Extracts were 	analysed 	for phenolic 
content by HPLC (see 2.7.2). 
3.2.3.1 compounds Extracted from the Medium of suspension 
Cultures. 
The results presented in Fig. 3.2.8 are sample HPLC 
chromatograms for the media extract of cultures given 
different treatments. Cultures provided, with 5% Et011 
(v/v) in H20 (control) showed one major peak eluting at 
Ca. 25.8mm. Cultures fed with ferulic acid showed the 
presence of cis and trans-ferulic acid and two additional 
peaks due to the breakdown of ferulic acid during 
autoclaving. This is consistent with the results in 
3.2.1. Medium from cultures fed with caffeic and ferulic 
acid showed the same phenolics in the medium i.e. cis and 
trans-ferulic acid together with the degradation products 
of ferulic acid. Those cultures fed with coumaric and 
ferulic acid also showed a similar pattern of phenolics 
recovered from the medium. 
Table 3.2.3 shows the levels of ferulic acid 
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Table 3.2.3. Amounts of ferulic acid recovered from the 
medium of cultures with different treatments. 
Values are the mean of three replicates, +1- S.E. The 
values are in pg and refer to trans-ferulic acid only. 
n.d. = not detected. 
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CF= CIS-FERULIC ACID 
IFtIRANS_FERULIC ACID 
(mm.) 
Pig. 3.2.8 sample HPLC Chromatograms of Media Extracts 
of Suspension Cultures fed with different Combinations of 
Phenolics. 
Known peaks are labelled. 
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As can be seen from Table 3.2.3, the addition of 
other vanillin precursors along with ferulic acid appears 
to increase the amount of ferulic acid recovered from the 
medium. However, when one-way analysis of variance was 
used to test the significance of ferulic acid levels (see 
section 2.8.3) none of the amounts recovered from the 
medium were statistically different from one another (at 
the 5% level). Table 3.2.4 shows the analysis of variance 
summary table. 
Source 	d.f. 	SB 	MB 	 F 	p 
Treatments 	3 	 130482 	43494 	3.91 	N.S. 
Error 	8 88915 11114 
Total 11 	 219397 
Table 3.2.4. one-Way Analysis of Variance summary Table 
for the Amount of Trans-Ferulic Acid Recovered from the 
Medium of suspension Cultures. 
3.2.3.2 compounds Accumulated in the cells of Suspension 
Cultures. 
Sample HPLC chromatograms of cell extracts from 
cultures, are presented in Fig. 3.2.19, show four major 
peaks at Rt's 2.5, 14.2, 17.2, 26.9mm. All peaks are 
unknown compounds except the peak with a Rt of 14.2mm., 
which was tentatively identified as 3,4 dit\7bxycinnamic 
acid (see Sukrasno, 1991.) 
Those cultures fed with ferulic acid show the same 
four peaks with additional peaks at ca. 9.7, 12.4, 
13.7mm. which correspond to caffeic acid and cis and 
trans-ferulic acid respectively. The recovery of ferulic 
acid from cells is contrary to the results reported in 
3.2.1 and 3.2.2 where no ferulic acid was recovered from 
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Pig. 3.2.9 Sample EPLO Chromatograms of Cell Extracts of 
Suspension Cultures fed with different Combinations of 
Phenolics. 
Known peaks are labelled. 
103 
the cells. 	As in 3.2.1 and 3.2.2 caffeic acid was 
accumulated in the cells. 
Cultures fed with both ferulic and caffeic acid 
again showed ferulic and caffeic acid present in the 
cells. Similarly cultures supplied with both coumaric and 
ferulic acid showed the presence of both caffeic and 
ferulic acid in the cells. The amounts of known phenolics 
recovered are shown in Table 3.2.5. 
Perulic Acid 	Caffeic Acid 
(pg) 	 (pg) 
Control 	n.d. 	 n.d. 
Ferulic Acid 119.0+/-2.44 	259.9+/-13.59 
Ferulic & 	244.8+/-12.44 	240.5+/-16.05 
Caffeic Acid 
Ferulic & 	168.3+/-12.44 	245.5+/-17.39 
Coumaric Acid 
Table 3.2.5. Amounts of Ferulic and Caffeic acid 
recovered from cells of suspension cultures with 
different treatments. 
Values are the mean of three replicates +/- S.E. The 
values for ferulic acid refer to trans-ferulic acid only. 
n.d. = not detected. 
One-way analysis of variance was used to test for 
significant differences in the levels of ferulic acid 
recovered with different treatments. Table 3.2.6 shows 
the analysis of variance summary table. 
It was found that the ferulic acid recovered from 
cells was significantly increased when it was added with 
àaffeic acid than when it was added alone, significant at 
the 1% level. When coumaric acid was added to cultures 
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with ferulic acid it did not significantly increase the 
amount of ferulic acid recovered from cells. 
source 	d.f. 	88 	Ms 	F 	p 
Treatments 	3 	 95032 	31677 	29.8 	<0.01 
Error 	8 8503 1063 
Total 11 	103535 
L.S.D. 5% = 61.4 
Table 3.2.6. one-Way analysis of Variance summary Table 
for the amount of Trans-Perulic Acid Recovered from the 
Cells of Suspension Cultures. 
In contrast to 3.2.1 and 3.2.2, in this experiment, 
ferulic acid was recovered from the cells. This may be 
an artefact due to ferulic acid binding to the cell 
surface when cells are filtered and washed. For this 
reason the total amount of ferulic acid recovered from 
cultures was calculated by adding the amounts recovered 
from the medium to the amounts recovered from the cells 
and were found to be; 0+/-0, 217+/-1.5, 512+/-109.3 and 
386+/-75.9 for each of the four treatments respectively, 
where values are the mean of three replicates +1 -  S.E. 
One-way analysis of variance was used to test for 
significant differences between the total amount of 
ferulic acid recovered between treatments. The analysis 
of variance summary table is shown in Table 3.2.7. 
Again there was a significant difference between 
treatments at the 1% level. The total amount of ferulic 
acid recovered from cultures increased significantly when 
it was supplied with caffeic acid than when it was added 
alone. When coumaric acid was added to cultures with 
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ferulic acid it did not increase the amount of ferulic 
acid recovered. 
Source 	d.f. 	SS 	MS 	 F 	p 
Treatments 	3 	 442571 	147524 	11.1 	p<0.01 
Error 	8 106284 13286 
Total 11 	 548855 
L.S.D. 5% = 217.0 
Table 3.2.7. One-Way Analysis of Variance summary Table 
for the Total Amount of Trans-Ferulic Acid Recovered from 
Suspension Cultures. 
The levels of caffeic acid recovered from cells was 
similar amongst cultures with different combinations of 
phenolics (see Table 3.2.5). No more caffeic acid was 
recovered from cells which had been fed with caffeic 
acid. It is perhaps surprising that in the cultures fed 
with caffeic and coumaric acid neither of these compounds 
were detected in the extracted medium. For this reason, 
the extraction efficiencies of a range of phenolics into 
CHC13 were determined as described in 2.6.1. It was then 
discovered that coumaric acid had an extremely low 
efficiency of extraction into Cl-Id3 and that caffeic acid 
did not partition into the CHC13 fraction at all. 
Attempts to improve the extraction efficiency by altering 
the pH of the medium prior to extraction proved 
unsuccessful. Therefore an alternative method was 
developed to improve the extraction efficiency. This 
involved the use of a 1:1 mixture of EtOAc:Et20. The 
efficiency of this solvent mixture in the extraction of 
putative capsaicin precursors is shown in Table 2.6.1. 
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However, in the experiments in which CHC13 was used as 
an extraction solvent it is impossible to draw 
conclusions concerning the absence of caffeic or coumaric 
acid in the medium, although it would seem likely that 
they are still present after feeding cultures for 2h. 
In this series of experiments feeding cultures with 
ferulic acid caused caffeic acid and another, unknown 
compound, A, to be accumulated. However no vanillin was 
produced in detectable amounts. It may be that vanillin 
is produced but is metabolized to some unidentifiable end 
product, perhaps Compound A. In order to investigate 
this possibility, the direct effect of added vanillin on 
cell cultures was studied in the following part, 3.3. 
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Summary of 3.2 
The following points have emerged from the 
experiments detailed in this part:- 
Caffeic acid was accumulated in the cells of 
suspension cultures following the addition of ferulic 
acid but was not detected in the medium. 
The maximum level of caffeic acid accumulated in 
cells was reached at a ferulic acid concentration of 
1.00mM. 
After 24h. incubation with ferulic acid an unknown 
compound, A was detected in the medium, the level of 
which rose with ferulic acid concentration up to 1.00mM. 
It was not detected at 2.00mM ferulic acid. 
In 3.2.1 and 3.2.2, ferulic acid was recovered from 
the culture medium only. In 3.2.3, ferulic acid was 
recovered from both the medium and the cells of 
suspension cultures. 
Both the total amount of ferulic acid recovered from 
cultures and the amount of ferulic acid recovered from 
the cells increased significantly (pcO.ol) when it was 
fed together with caffeic acid than when it was added 
alone. Coumaric acid did not increase either the total 
amount of feruljc acid recovered from cultures or the 
amount of ferulic acid recovered from cells. 
3.3 THE EFFECT OF VANILLIN ON ASPECTS OF PRIMARY AND 
SECONDARY METABOLISM IN C.FRUTESCENS SUSPENSION CULTURES. 
In this part the effects of added vanillin on the 
metabolism of C.frutescens suspension cultures were 
examined. In the previous part (3.2) there was no 
detectable conversion of added ferulic acid to Vanillin 
by suspension cultures. However, the level of caffeic 
acid, the proposed precursor of ferulic acid, in the 
phenylpropanoid pathway, rose when ferulic acid was 
added. In this part the answer to the question, would 
the levels of ferulic acid, the proposed precursor of 
vanillin, rise when vanillin was added to suspension 
cultures?, was sought. The first two experiments study 
the metabolism of added vanillin by suspension cultures; 
the third examines the effect of added vanillin on the 
metabolism of [ 14C]phenylalanine. 
3.3.1 The Effect of Vanillin on Phenolic Production in 
Suspension Cultures of C. .frutescens. 
The aim of these two experiments was to study 
changes in phenolic metabolism when vanillin was added to 
suspension cultures. They were designed to discover 
whether cells could actively metabolise vanillin and if 
so what compounds, if any, were produced. 
3.3.1.1 The Effect of Vanillin on Phenolic Production in 
19d. old Suspension Cultures. 
Suspension cultures were maintained on SM-i media 
supplemented as described in 2.2.1 and subcultured every 
two weeks (see 2.2.3.2). The stage of culture used was 
19d. after the last subculture, when cultures were in the 
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most rapid phase of growth with respect to f.wt. Vanillin 
was dissolved in distilled H20 (1mginl 1 solution) and 
filter sterilized, as described in section 2.4, prior to 
the addition of 1mg to each flask. Control cultures were 
supplied with ThU of filter sterilized distilled H20. 
There were three replicates for each treatment, giving a 
total of six flasks. After addition of vanillin or H20, 
cultures were incubated under standard growth conditions 
(2.2.3.3) for 2h. and then harvested by filtering through 
Whatman No.1. filter paper. Media were extracted in CI-JClj 
and cells in MeOI-t as described in 2.6.1 and 2.6.2 
respectively. Extracts were analysed by HPLC as described 
in 2.7.2. 
3.3.1.1.1 Compounds extracted from the Medium of 
Suspension Cultures. 
Fig. 3.3.1.a and b show sample HPLC chromatograms 
for media extracts of control and treated cultures 
respectively. Media extracts of control cultures show one 
major peak at a Rt of 24.3mm., an unknown compound. In 
contrast, those cultures supplied with vanillin show two 
additional peaks at Rt's 4.8 and 9.7mm. These 
correspond to vanillyl alcohol and vanillin respectively. 
Table 3.3.1 shows the amounts of these compounds 






















Pig. 3.3.1 Sample HPLC Chromatograms of Media Extract of 
Control Cultures and those fed 1mg of Vanillin for 2h. 
The identity of known compounds is shown. 
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Vanillin 	 Vanillyl Alcohol 
(ig) (pg) 
Control 	 n.d. 	 n.d. 
Plus Vanillin 	413.3+/-16.67 	104.3+/-2.33 
Table 3.3.1 Amounts of Vanillin and Vanillyl Alcohol 
recovered from Suspension Culture Medium for Control 
Cultures and those fed 1mg of Vanillin for 2h. 
Values are the mean of three replicates +1 -  S.E., n.d. = 
not detected. 
From Table 3.3.1 it can be seen that Ca. half the 
vanillin added (1mg) is recovered from the medium. 
Vanillyl alcohol (X=104.3pg) is present in the medium 
after 2h. The identity of vanillyl alcohol was confirmed 
by the Rt, U.V. spectrum and finally by adulterating 
samples with genuine vanillyl alcohol. 
3.3.1.1.2 compounds Accumulated in the cells of 
suspension Cultures. 
Sample HPLC chromatograms for cell extracts of 
control and treated cultures are shown in Fig. 3.3.2.a 
and b respectively. Cell extracts for control cultures 
show four major peaks with Rt's of 10.9, 12.8, 15.8 and 
26.7mm. cultures fed with vanillin have additional 
peaks at Ca. 4.2, 5.0 and 9.7mm. which correspond to a 
vanillic acid glycoside, vanillyl alcohol and. vanillin 
respectively. The identity of the vanillic glycoside is 
only tentative as no standard was available. However, 
the phenolic present after hydrolysis has the 
characteristic U.V. spectrum and approximate Rt of the 
vanillic acid glycoside reported by Sukrasno (1991.) The 
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Fig. 3.3.2 Sample HPLC Chromatograms of Cell Extract of 
Control Cultures and those fed 1mg of Vanillin for 2h. 






vanillic acid glycoside is shown in Fig. 3.3.3. 
Table 3.3.2 shows the amounts of vanillin, vanillyl 
alcohol and the vanillic acid glycoside recovered from 
cells of control cultures and those fed with vanillin for 
2h. 
Vanillin 	Vanillyl 	A Vanillic acid 
Alcohol glycoside 
(jig) 	 (jig) 	O.D. (A2onm) 
xlO 
control 	n.d. 	 n.d. 	 n.d. 
Plus Vanillin 16.8+/-4.06 	52.7+/-10.49 2.1+/-0.16 
Table 3.3.2 Amounts of Vanillin, Vanillyl Alcohol and A 
Vanillic Acid Glycoside recovered from the Cells of 
Control cultures and those supplied with 1mg of Vanillin 
for 2h. 
Values are the mean of three replicates +1-  S.E. and n.d. 
= not detected. 
From Table 3.3.2 it can be seen that cells have 
small amounts of vanillin and vanillyl alcohol present, 
X=16.8 and 52.7g respectively. These compounds may be 
present in cells or they could be bound to the cell 
surface on extraction. The vanillic acid glycoside is 
present in small amounts when vanillin is fed to cells 
for 	2h. Adding such large quantities of vanillin to 
cultures may 	alter the metabolism of endogenous 
glycosides and allow them to reach detectable levels. 
Alternatively, the vanillic glycoside may not occur at 
all in cultures under normal conditions and is only 
produced at a detectable level when vanillin is added. 
The amounts of vanillin and vanillyl alcohol present 
in cultures were estimated by multiplying the amounts 
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Pig. 3.3.3 The U.V. Spectra of Vanillin, Vanhllyl Alcohol 
and Vanillic Acid Glycoside. 
The wavelengths of the U.V. maxima are shown. 
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recovered by a correction factor to take into account 
losses during extraction. By converting these amounts to 
pmoles an estimate of the percentage biotransformation 
after 2h. was made. The results are discussed in section 
3.3.1.1.3. 
3.3.1.1.3 The Amounts of Vanillin and Vanillyl Alcohol 
Present in Cultures. 
Table 3.3.3 shows the amounts of vanillin and 
vanillyl alcohol estimated to be present in cultures 




















Table 3.3.3 The amount of Vanillin added to Cultures and 
the amounts estimated to be present in the form of 
Vanillin and Vanillyl Alcohol after 2h. 
Values are the mean of three replicates +1 -  S.E. 
From Table 3.3.3 it can be seen that after 2h. Ca. 
90% of the vanillin added can be accounted for either as 
vanillin or vanillyl alcohol. Indeed, vanillyl alcohol 
appears to be the major metabolite produced when vanillin 
is supplied to suspension cultures. The percentage 
biotransformation after 2h. is 24%. Certain bacterial 
spp. are known to carry out this conversion in culture 
(De Wulf and Thonart, 1989). 
From this experiment it is clear that there is a 
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biotransformation taking place from vanillin to vanillyl 
alcohol. 	This 	biotransformation 	was 	further 
characterized in the next experiment (3.3.1.2), when 
vanillyl alcohol was supplied to cultures to determine if 
it was metabolized or if the conversion of vanillin to 
vanillyl alcohol was reversible. 
3.3.1.2 The Effect of Vanillin and Vanillyl Alcohol on 
Phenolic Production in Sd. old suspension Cultures. 
In 3.3.1.1 vanillyl alcohol was produced when 
vanillin was supplied to suspension cultures. The aim of 
this experiment was to determine if vanillyl alcohol was 
metabolised further and if there was any conversion back 
to vanillin. 
Suspension cultures were maintained and subcultured 
as described in 2.2.1 and 2.2.3.2. The stage of culture 
used was 3d. from the last subculture, when cultures were 
in the most rapid phase of growth with respect to f.wt. 
Vanillin and vanillyl alcohol (both 1mgml 1 solutions) 
were dissolved in distilled H20. Cultures were supplied 
with 1mg of either vanillin or vanillyl alcohol which had 
been filter sterilized prior to addition as described in 
2.4. Control cultures were supplied with lml of 
sterilized H20. There were three replicates for each 
treatment, giving a total of nine flasks. Cultures were 
then incubated under standard conditions for 2h. (see 
2.2.3.3) after which they were harvested by filtering 
through Whatman No.1 filter paper. Media were extracted 
in CHC13 and cells in MeOH as described in 2.6.1 and 
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2.6.2 respectively. Extracts were analysed for phenolic 
content by HPLC using a Gilson Holochrome detector at 
280nm (0.2 AUF5.) Control of the 1-IPLC and data 
collection and analysis were performed with an IBM PS2\50 
and Gilson 714 software. Separation was achieved using 
the column and solvent conditions described in 2.7.2.2. 
3.3.1.2.1 Compounds Extracted from the Medium of 
Suspension Cultures. 
Table 3.3.4 shows the amounts of vanillin and 
vanillyl alcohol recovered from the medium of suspension 















Table 3.3.4 The Amounts of Vanillin and Vanillyl Alcohol 
recovered from Suspension Cultures supplied with either 
1mg Vanillin or 1mg Vanillyl Alcohol for 2h. 
Control cultures were supplied with ThU of distilled H20. 
Values are the mean of three replicates +/- S.E., and 
n.d. = not detected. 
From Table 3.3.4 it can be seen that as in 3.3.1.1, 
vanillyl alcohol appeared in the medium when vanillin was 
supplied to cultures. When cultures were supplied with 
vanillyl alcohol, small amounts of vanillin (X = 0.4pg) 
were produced in the medium. The identity of vanillin 
was confirmed by co-chromatography. Hence, it would seem 
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that the biotransformation of vanillin to vanillyl 
alcohol is reversible. Control cultures were again found 
to produce no vanillin or vanillyl alcohol. 
3.3.1.2.2 compounds Accumulated in the cells of 
Suspension cultures. 
Table 3.3.5 shows the quantities of vanillin and 
vanillyl alcohol recovered from cells supplied with 
either of these two compounds. 
Vanillin 	Vanhllyl 	A Vanillic acid 
Alcohol glycoside 




Control 	n.d. 	 n.d. 	 n.d. 
Plus Vanillin 5.3+/-2.64 	43.1+/-3.71 	2.4+/-0.19 
Plus Vanillyl n.d 	 15.6+/-8.04 
Alcohol 
Table 3.3.5 Amounts of Vanillin and 
recovered from the Cells of Suspension 
with 1mg of Vanillin or 1mg of Vanillyl 
Control cultures were supplied with lml 





Alcohol for 2h. 
of distilled 1120. 
+1- S.E., n.d.= 
From Table 3.3.5 it can be seen that vanillin or 
vanillyl alcohol were not recovered from control 
cultures. Cultures supplied with vanillin show that 
small amounts of vanillin and vanillyl alcohol were 
present in cells (X=5.3pg and X=43.lpg respectively.) 
This concurs with the results in 3.3.1.1. The vanillic 
acid glycoside tentatively identified in 3.3.1.1.2 was 
also detected in the extracts of cells fed with vanillin 
but not those fed with vanillyl alcohol. No vanillin and 
only X=15.6pg of vanillyl alcohol were recovered from the 
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cells of cultures supplied with vanillyl alcohol. 
An estimation of the actual amounts of vanillin and 
vanillyl alcohol present in cultures is made in 
3.3.1.2.3. This provides some indication of further 
metabolism of these compounds. 
3.3.1.2.3 Estimation of the Total Amount of Vanillin and 
Vanillyl alcohol Present in Cultures. 
The total amount of vanillin and vanillyl alcohol 
present in cultures was estimated by multiplying the raw 
data by a correction factor to take account of losses 
during extraction. These were 1.5 and 1.8 for media and 
1.8 and i.t. for the cell extracts for vanillin and 
vanillyl alcohol respectively. These were calculated as 
described in 2.6.1 and 2.6.2 respectively. These amounts 
in (Mg) were then converted to pmoles to take account of 
molecular weight differences. The values and the amount 
of vanillin and vanillyl alcohol added are shown in Table 
3.3.6. From this the percentage biotransformation has 
been calculated. An estimate of the amount of phenolics 
recovered also provides an indication of further 
metabolism of vanillin or vanillyl alcohol. 
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Vanillin 	vanillyl Total 
present Alcohol present 
after 2h. 	present after 2h. 
after 2h. 
(pmoles) 	(pmoles) (pmoles) 
Vanillin 3.0+/-0.26 	3.0+/-0.55 6.0+/-0.76 
added 
(6. 6pmoles) 
Vanillyl 3.8x10 3 	5.6+/-0.14 5.6+/-0.14 
Alcohol added +/-1.35xlC4 
(6. Spmoles) 
Table 	3.3.6 The 	Quantities 	of Vanillin and Vanhllyl 
Alcohol estimated to be present in Cultures after feeding 
with Vanillin or Vanillyl Alcohol for 2h. 
Values are the mean of three replicates +/- S.E. 
The calculation shows that approximately 91% of the 
vanillin and 86% of the vanillyl alcohol added to 
cultures can be recovered as either vanillin or vanillyl 
alcohol. This would suggest that any vanillin and 
vanillyl alcohol metabolized to products not detected is 
very small. The percentage biotransformation of vanillin 
to vanillyl alcohol is 45%. The percentage 
biotransformation of vanillyl alcohol to vanillin is ca. 
0.06% - see Fig. 3.3.4 below. 
CHO 	 CH20I-I 
CH3 	 0-06%00 IL2LOCH3 
OH 	 OH 
VANILLIN 	 VANIIIR ALCOHOL  
Pig. 3.3.4. The Biotransformation between Vanillin and 
Vanillyl Alcohol. 
In 3.3.1 the metabolism of added vanillin and 
vanillyl 	alcohol by cultures of 	C. frutescens was 
determined. In the next section, 3.3.2, the effects that 
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adding large quantities of vanillin had on phenolic 
metabolism and protein and 'lignin' synthesis was 
studied. This was achieved by adding vanillin with 
[ 14C]phenylalanine and looking for changes in the 
incorporation of the label when compared to the control. 
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3.3.2 The Effect of Vanillin on the Incorporation of 
[ 14C]Phenylalanine into Suspension Cultures of 
C. frutescens. 
In the previous section (3.3.1) it was shown that 
vanillyl alcohol was produced when vanillin was supplied 
to suspension cultures. Small amounts of a vanillic acid 
glycoside were also detected. The presence of novel 
compounds (see 3.3.1.1 and 3.3.1.2) was presumably due 
to alterations of metabolism following the addition of 
relatively high concentrations of vanillin. In this 
section the aim was to perturb phenolic metabolism by 
adding vanillin to suspension cultures and monitor these 
changes by studying the incorporation of 
[ 14C]phenylalanine into various components to make a 
comparison with and without vanillin. As well as being a 
precursor to vanillin and capsaicin, phenylalanine is 
also a precursor to protein and lignin. Hence, by the 
addition of [ 14C]phenylalanine and vanillin to cultures 
simultanously, small changes in the wider metabolism of 
the cells should be visible. 
Suspension cultures were maintained on S&H medium 
supplemented as described in 2.2.1 in 250ml Erlenmeyer 
flasks (see 2.2.3.2) and subcultured every two weeks. 
Vanillin (a lmgmr 1 solution) was dissolved in distilled 
1120 and filter sterilized as described in 2.4. Aliquots 
(500p1) of this solution were premixed with 2pCi of 
[ 14 C]phenylalanine and added to cultures as described in 
2.4. Three ages of culture were used; 7, 14 and 21d. 
after the last subculture. At 7 and 14d. cultures appear 
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to be at the beginning and end of the fast growing phase 
of growth respectively. By 21d. they are in the 
deceleration phase with respect to f.wt and cell number; 
the stage at which secondary metabolites are usually 
accumulated (Yeoman, 1986; Yeoman and Yeoman, 1993). By 
selecting cultures at different stages of growth, changes 
in metabolism of [ 14C]phenylalanine at different growth 
stages could be determined. There were three replicates 
for each treatment giving a total of 18 flasks. After the 
addition of precursor(s), cultures were incubated under 
standard culture conditions for 24h (see 2.2.3.3). 
Cultures were then harvested by filtration, under reduced 
pressure, through Whatman No.1 filter paper. A more 
extensive extraction procedure was used than in previous 
experiments to enable separation of a range of compounds 
likely to be involved in phenolic metabolism. Free 
phenolics and phenylpropanoids were extracted from 
suspension culture medium with an EtOAc:Et20 1:1 mixture 
as described in 2.6.1. This extract and the aqueous 
fraction were retained. Cells were extracted in MeOH. 
This MeOH extract was dried, resuspended in H20 and 
partitioned against EtOAc:Et20 1:1 as described in 2.6.2. 
The cell residue remaining after NeOl-I extraction was 
saponified with 0.1)1 NaOH (see 2.6.2), partitioned as 
before and both fractions retained. Soluble protein was 
extracted and precipitated as described in 2.6.3. 
'Lignin-like' material was solubilized with acetylbromide 
as described in 2.6.4. All retained fractions were 
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analysed for their radioactive content by liquid 
scintillation counting (2.7.3). The estimations of 
radioactivity in different cell fractions obtained were 
subjected to two-way analysis of variance (2.8.3) to test 
for significant differences between control flasks and 
those with added vanillin. It also gave a test of 
significance of the effect of culture age on 
[ 14Q]phenylalanine incorporation. Any significant 
interaction between these two factors was also analysed. 
L.S.D. at the 5% level was calculated to allow - a 
comparison of pairs of mean values (see 2.8.3) 
3.3.2.1 changes in Radioactivity Recovered from the 
Medium of Suspension cultures. 
The results presented in Table 3.3.7 show the levels 
of radioactivity partitioned into the organic phase on 
extraction. Data are presented on both a per culture and 
per g.f.wt basis. Two-way analysis of variance shows that 
vanillin and culture age have a significant effect on the 
radioactivity recovered at pc0.05 and p<0 .01 for vanillin 
and age respectively on data presented on a per culture 
and per g.f.wt. basis. See Table 3.3.8.a & b for analysis 
of variance summary tables. 
Source d.f. 88 
Vanillin 1 2.69x10 3 
Age 2 5.23x10 3 
Interaction 2 4.27xl0 3 
Error 12 3.61x10 3 
Total 17 1.58x10 2 
MS 	 F 	p 
2.69x10-3 	8.93 <0.05 
2.61x10 3 8.68 <0.01 
2.13x10 3 	7.09 <0.01 
3 . 01X10-4  
Table 3.3.8.a. Two-Way Analysis of Variance Summary Table 
for the amount of Radioactivity recovered from the 
Organic Phase of the Medium when data are presented on a 
per culture basis. 
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1. 68x104±3 . 02x10 5 
6. 51x10 5±6 . 14x10 5 
5. 72xl0 5±1 . 08xl0 5 
9. 54x10 4±3. 10xl0 4 
1. 02x10 4±1 . 4x10 5 
7. 28xl0 5±l. 36xl0 5 




(d from last 	Radioactivity Recovered 
subculture) (pCi per culture) 
Radioactivity Recovered 
(pCi per g.f.wt.) 
Control 	 Plus Vanillin 
8 1. 06xl0 2±6 . 19x10 2 7. 85xl0 2±2 . 45xlO 
15  82x10 3±1 . 28x10 4 1. 03xl0 2±7 . 70x10 4 
22  33xl0 3+4. 69xl0 4 9. 20X10-3+1.  0lx103 




Table 3.3.7 The Levels of Radioactivity in the organic 
Phase of the Medium. 
Values represent the mean of three replicate +1 - S.E. 
Results are presented on both a per culture and per 
g.f.wt. basis. 
Source d.f. SS 
Vanillin 1 3.52xlC7 
Age 2 9.50x10 7 
Interaction 2 5.77x10 7 
Error 12 5.84x10 7 
Total 17 2.46x10 6 
MS 	 F 	p 
3.52x10 7 	7.23 <0.05 
4.79x10'7 9.74 <0.01 
2.89x10 -7 	5.93 <0,05 
4.87X10 -8 
Table 3.3.8.b. Two-Way Analysis of Variance summary Table 
for the amount of Radioactivity recovered from the 
organic Phase of the Medium when data are presented on a 
per g.f.wt basis. 
Vanillin appears to increase the amount of 
radioactivity partitioning into organic phase. However, 
there is a significant interaction between age and 
vanillin at the p<0.01 level on a per culture basis and 
at p<0.05 on a per g.f.wt. basis. This implies that the 
combined effects of vanillin and culture age on the 
activity in this fraction are not as expected from their 
effects alone i.e. they are not additive. In an attempt 
to identify any effects of vanillin and culture age on 
the activity recovered, the data were presented 
graphically, see Fig. 3.3.5.a & b. From Fig. 3.3.5.a and 
b. It can be seen from both Fig. 3.3.5.a and b that the 
incorporation of [ 14C]phenylalanine remains constant in 
control cultures but in the vanillin treated cultures the 
activity in the organic phase of the medium is high in 
3d. cultures but falls to the same level as controls in 
15d. and 22d. cultures. This pattern of incorporation is 
observed when data are presented on a per culture and per 
g.f.wt. basis. It would appear that vanillin increases 
the amount of [ 14C]phenylalanine partitioning into the 
organic phase of the medium in 8d. cultures. 
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Fig. 3.3.5.a The Amount of Radioactivity Partitioning into 
the Organic Phase of the Medium when Results are Presented 
on a Per Culture Basis. 
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Fig. 3.3.5.b The Amount of Radioactivity Partitioning into 
the Organic Phase of the Medium when Results are Presented 
on a Per g.f.wt. Basis. 
Values are the mean of three replicates. 
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[ 14C]phenylalanine into the organic phase of the medium 
was further characterized by 2-D TLC and autoradiography 
of all extracts (see 2.7.1). All the putative capsaicin 
precursors and vanillyl alcohol were added as cold 
carriers to facilitate detection of these compounds (see 
2.7.1). Figs. 3.3.6.a,b and c presents sample 
autoradiographs of control and vanillin treated cultures 
at 8, 15, and 22d. respectively. Fig. 3.3.6.a shows 
sample autoradiographs of the organic phase of the media 
extracts for 8d. cultures supplied with 
[ 14C]phenylalanine (control) and with [ 14C]phenylalafline 
plus vanillin. Cultures supplied with [ 14C]phenylalanine 
only, showed virtually no radioactivity present in the 
organic phase. In contrast, the media extracts for 
[ 14C]phenylalanine plus vanillin treated cultures showed 
five labelled compounds present. None of these compounds 
corresponded to any of the putative capsaicin precursors 
or vanillyl alcohol and remain unidentified. 
Figs. 3.3.6.b and c show sample autoradiographs of 
organic phase media extracts for 15 and 22d. cultures 
respectively. Both control and vanillin treated cultures 
show only one labelled compound present at both culture 
ages. This compound also does not correspond to any of 
the putative capsaicin precursors or vanillyl alcohol and 
it is not present in 8d. cultures. The identity of this 























































Fig. 3.3.6. Sample Autoradiographs of Organic Phase Media 
Extracts. 
Cultures of 7d., 14d. and 21d. were supplied with 
[ 14C]phenylalanine only (Control) and with 
[ 14C]phenylalanine plus vanillin for 24h. Harvest took 
place at 8d., lSd., and 22d respectively. 
o=origin; SF1=first solvent front; SF2=second solvent 
front. 
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Table 3.3.9 shows the amount of radioactivity 
remaining in the aqueous phase of the medium after 
extraction. Two-way analysis of variance on the data 
shown in Table 3.3.9 indicates that vanillin has no 
significant effect on the activity remaining in the 
aqueous phase for data presented on a per culture or a 
per g.f.wt. Age is shown to have a significant effect at 
pc0.01 level on both a per culture and a per g.f.wt 
basis. It appears that the activity remaining in the 
medium is at a maximum level at lSd. and at lower levels 
at 3d. and 22d. This pattern is observed irrespective of 
the presence of vanillin and when data are presented on a 
per culture and on a per g.f.wt. basis. See Table 
3.3.10.a & b for analysis of variance summary tables. 
Source 	d.f. 55 MS F p 
Vanillin 	1 4.00x10 6 4.0ox10-6 7,77x1C 3 N.S. 
Age 	 2 5.16x10 2 2.58x10 2 50.10 <0.01 
Interaction 2 3.02x10 4 1.51x10 4 0.29 N.S. 
Error 	12 6.18x10 3 5.15x10-4 
Total 17 5.81x10-2 
Table 	3.3.10.a. Two-Way 	Analysis 	of Variance summary 
Table for the amount of Radioactivity recovered from the 
Aqueous Phase of the Medium when data are presented on a 
per culture basis. 
Source 	d.f. SS MS P p 
Vanillin 	1 5.69x10 5 5.69x10 5 0.66 N.S. 
Age 	 2 1.76x10 3 8.80x10 4 10.16 <0.01 
Interaction 2 1.88x10 4 9.40x10-5 1.09 N.S 
Error 	12 1.04xlcr 3 8.66x10 5 
Total 17 3.04x10 3 
Table 	3.3.10.b. Two-Way 	Analysis 	of Variance summary 
Table for the amount of Radioactivity recovered from the 
Aqueous Phase of the Medium when data are presented on a 
per g.f.wt basis. 
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78x10 4±8 . 04x10 3 
29xlO±6 . 06x10 3 
2. 67xl0 2±2. 29xl0 3 
3. 53xl0 2±2 . 43x10 3 
5.17x10 2±6.05xl0 3 
2. 96xl0 2±4 . 91xl0 3 




(d from last 	Radioactivity Recovered 
subculture) (pCi per culture) 
Radioactivity Recovered 
(pCi per g.f.wt.cells) 
Control 	 Plus Vanillin 
8 1. 55x10 1±2. 74x10 2 1. 46xl0 1±5 . 96xl0 3 
15 2. 76x10'±3 . 79x10 3 2. 61x10 1±l. 51x10 2 
22 1. 75x10 1±5 . 86x10 3 1. 86xl0 1+1 . 37x10 2 




Table 3.3.9 The Levels of Radioactivity in the Aqueous 
Phase of the Medium. 
Values represent the mean of three replicate +1- S.E. 
Results are presented on both a per culture and per 
g.f.wt. basis. 
3.3.2.2 Changes in the Radioactivity Recovered from 
Fractionated Cell. Tissue. 
Cell tissue was separated into six different 
fractions. The crude MeOH extract was partitioned into 
two phases, organic and aqueous. The cell wall residue 
was saponified and similarly partitioned. In addition 
protein and 'lignin-like' material were also extracted. 
3.3.2.2.1 Changes in the Radioactivity Associated with 
the MeOH Extract of Cell Tissue. 
Table 3.3.11 shows the amount of radioactivity 
partitioned into the organic phase after NeOH extraction. 
Two-way analysis of variance for the data presented 
in Table 3.3.11 on a per culture basis shows that 
vanillin has no significant effect on the activity 
recovered at the pc0.05 level. However, culture age does 
have a significant effect at the pc0.05 level. There is 
an increasing trend of incorporation of radioactivity in 
this phase with increasing culture age. Data presented on 
a per g.f.wt basis show no significant changes in 
activity for either vanillin or age (see Table 3.3.12.a & 
b for analysis of variance summary tables) 
Source 	d.f. 55 	 MS 	 F 	p 
Vanillin 	1 	1.27x10 4 	1.27x10 4 	0.21 	N.S. 
Age 	 2 5.52xl0-3 2.76x10 3 4.48 <0.05 
Interaction 2 	1.52x10-3 	7.58x10 4 	1.23 	N.S. 
Error 	12 7.39x10 3 6.16x10 4 
Total 17 	1.46xl0 2 
Table 3.3.12.a. Two-Way Analysis of Variance Summary 
Table for the amount of Radioactivity recovered from the 
Organic Phase of the Cells when data are presented on a 
per culture basis. 
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Culture Age 
(d from last Radioactivity Recovered Radioactivity Recovered 
subculture) (pCi per culture) (pCi per g.f.wt.cells) 
Control Plus Vanillin Control Plus Vanillin 
8 4.62xl0 2±3.84x10 3 3.41x10 2±1.12x10 2  1.42x10 2±1.03xl0 3 	1. 13x10 2±1.33xl0 3 
15 7. 52xl0 2±6 .01x10 3 7. 26xl0 2±8 . 23x10 3  1. 41XJO -2+6.  70x10 4 	1.45x10 2+2. 39x10 3 
22 6.46xl0 2±4.64x10 3 9.53xlO+3.11xlO 2  1.0lx10 2+1.97x10 3 	9.57x10 3±2.39x10 3 
L.S.D. 	5%=4.42x1C 2 
II, 
Table 3.3.11 The Levels of Radioactivity in the organic 
Phase of the MeOH Extracted Cell Tissue. 
Values represent the mean of three replicate +1- S.E. 
Results are presented on both a per culture and per 
g.f.wt. basis. 
Source d.f. 55 MS F 	p 
Vanillin 1 4.95x10 6 4.95x10 6 0.53 	N.S. 
Age 2 6.17x10 5 3.09x10 5 3.32 N.S. 
Interaction 2 8.76x10 6 4.38xl0 -6 0.47 	N.S. 
Error 12 1.12x10-4 9.31x10 6 
Total 17 1.87x10 4 
Table 3.3.12.b. Two-Way Analysis of Variance summary 
Table for the amount of Radioactivity recovered from the 
Organic Phase of the Cells when data are presented on a 
per g.f.wt basis. 
Table 3.3.13 shows the activity remaining in the 
aqueous phase of the cell extract after partitioning with 
EtOAc:Et20. Two-way analysis of variance shows that both 
vanillin and culture age have a significant effect (at 
pc0.05 level) on the activity remaining in the aqueous 
fraction on a per culture basis. The amount of 
radioactivity recovered decreases with increasing culture 
age. Also, there is no significant interaction between 
these two factors, i.e. their effects are additive. 
Vanillin appears to decrease the amount of radioactivity 
partitioning into this phase when data are presented on a 
per culture basis. On a per g.f.wt. basis the only factor 
which has a significant effect on the activity recovered 
is culture age. Increasing culture age causes a decrease 
in the level of radioactivity in the cultures on both a 
per culture and a per g.f.wt. basis. on a per culture 
basis and this pattern is observed irrespective of the 
presence of vanillin (see Table 3.3.14.a & b for analysis 
of variance summary tables for data represented on a per 
culture and per g.f.wt. basis respectively.) 
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6. 29x10 2±l. 30x10 2 
2. 80x10 2±6. 54x10 3 
2. 00x10 2±2 . 86x10 3 
3 .43x10 2±l. 39x10 2 
2. 07x10 2±6 . 23xl0 3 
2. 14x10 2±6. 80xl0 3 
L.S.D. 5%=2.18x10 2 F-C., 
I- 
Culture Age 





subculture) (pCi per culture) 
	
(pCi per g.f.wt.cells) 







1. 96x10 1±1. 79x10 2  38x10 1±4. 84x10 2 
1. 43x10 1±1. 89x10 2  40x10 2±I . 05x10 2 
1. 29x10 1 ±3 . 71x10 3 1. 32x10 4±2 . 84x10 2 
L.S.D. 5%=7.92x10 2 
Table 3.3.13 The Levels of Radioactivity in the Aqueous 
Phase of the MeOH Extracted Cell Tissue. 
Values represent the mean of three replicate +1- S.E. 
Results are presented on both a per culture and per 
g.f.wt. basis. 
source d.f. SS 
Vanillin 1 1.54xl0 2 
Age 2 2.10x10 2 
Interaction 2 1.11x10 2 
Error 12 2.37x10 2 
Total 17 7.12x10 2 
MS 	 F 	p 
1.54x10 2 	7.78 <0.05 
1.05x10 2 5.31 <0.05 
5.54x10-3 	2.80 	N.S. 
1. 98x10 3 
Table 3.3.14.a. Two-Way Analysis of Variance summary 
Table for the amount of Radioactivity recovered from the 
Aqueous Phase of the Cells when data are presented on a 
per culture basis. 
Source d.f. SS 
Vanillin 1 5.96x10 4 
Age 2 2.76xlC3 
Interaction 2 7.15x10 4 
Error 12 2.98x10 3 
Total 17 7.05xiC 3 
MS 	 F 	p 
5.92x10 4 	2.38 	N.S. 
1.38x10 3 5.53 <0.05 
3.57x10 4 	1.43 	N.S. 
2. 49x10 4 
Table 3.3.14.b. Two-Way Analysis of Variance Summary 
Table for the amount of Radioactivity recovered from the 
Aqueous Phase of the Cells when data are presented on a 
per g.f.wt basis. 
3.3.2.2.2 changes in the Radioactivity in the Saponified 
Cell Wall Fraction of Cells. 
Saponification with M NaOH releases bound phenolics 
from the cell walls. These were then partitioned into 
EtOAc:Et20. Table 3.3.15 shows the 	levels of 
radioactivity partitioned into the organic solvent. 
On both a per culture and per g.f.wt. basis age has 
a significant effect on the amount of activity recovered 
(significant at the p<0.05 level). Vanillin has no 
significant effect on the activity recovered and there is 
no interaction between these two factors. Whilst clear 
trends are not easily seen, it appears that the activity 
in the organic phase of the cell wall reaches a maximum 
in 22d. control and vanillin treated cultures. The fact 
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Culture Age 
(d from last Radioactivity Recovered Radioactivity Recovered 
subculture) (pCi per culture) (pCi per g.f.wt.cells) 
Control Plus Vanillin Control Plus Vanillin 
8 8.68x10 3±1.15xl0 3 7.29x10 3±2.93xl0 4 2.79x10 3±6.88xl0 4  1.78x10 3±1.54x10 4 
15 6.23x10 3±5.95x10 4 9.07x10 3±1.79x10 3 1.21x10 3±2.28x10 4  1.80xl0 3±3,82x10 4 
22 3.22x10 2±l.18xl0 2 2.40xlO+2.85x1O 3 5.41x10 3±1.75x10 3 3.79x10 3±7. 18x10 4 
L.S.D. 	5%=1.55x10 2 L.S.D. 	5%=2.60x10 3 
Table 3.3.15 The Levels of Radioactivity in the organic 
Phase of the Saponified Cell Wall Fraction of Cells. 
Values represent the mean of three replicate +1- S.E. 




that this trend is seen on both a per culture and a per 
g.f.wt. basis suggests that this is not only due to the 
differing levels of tissue present. The developmental 
stage of the culture must be having an effect. Vanillin 
has no influence on the pattern of radioactivity 
recovered. See Table 3.3.16.a & b for summary analysis of 
variance tables for data represented on a per culture and 
per g.f.wt. basis respectively. 
Source 	d.f. SS 	 MS 	 F 	p 
Vanillin 	1 	2.27x10 5 	2.27x10 5 	0.30 	N.S. 
Age 	2 1.64x10 3 8.20x10 4 10.78 <0.01 
Interaction 2 	9.31x10 5 	4.65x10 5 	0.61 	N.S. 
Error 	12 9.14x10 4 7.6lxl0-5 
Total 17 	2.67x10 3 
Table 3.3.16.a. Two-Way Analysis of Variance summary 
Table for the amount of Radioactivity recovered from the 
Organic Phase of the Cell Wall when data are presented on 
a per culture basis. 
Source 	d.f. 	55 MS F 	p 
Vanillin 	1 2.10x10 6 2.10x10 6 0.98 	N.S. 
Age 	 2 3.10xl0 5 1.55x10 5 7.27 <0.01 
Interaction 2 3.88xl0 6 1.94x10 6 0.91 	N.S. 
Error 	12 2.56x10-5 2.14xlC6 
Total 17 6.26x1Er5 
Table 	3.3.16.b. 	Two-Way 	Analysis 	of Varianc& summary. 
Table for the amount of Radioactivity recovered from the 
Organic Phase of the Cell Wall when data are presented on 
a per g.f.wt basis. 
Table 3.3.17 shows the amount of radioactivity 
remaining in the aqueous phase of the saponified cell 
walls after extraction. Two-way analysis of variance 
shows that neither culture age or vanillin has any effect 
on the activity recovered in this fraction of the 
saponified extract (see Tables 3.3.18.a & b for summary 
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Culture Age 





subculture) (pCi per culture) 
	
(pCi per g.f.wt.cells) 
Control 
4. 36x10 1±8 . 34x10 2 
23xl0 1±1. 32xl0 1 
64x10'±l . 64x10'  
Plus Vanillin 
3. 49xl0'±9 . 98xl0 2 
3. l6x10 1±3. 88x10 2 
4.07xl0 1+3.80x10 2 
Control 
l. 42x10 1±4. 31xl0 2 
7. 89x10 2±2. 19xl0 2 
B. 48x10 2+2 . 17xl0 2 
Plus Vanillin 
8. 19x10 2±2. 17xl0 2 
15xl0 2±4. 65xl0 3 





Table 3.3.17 The Levels of Radioactivity in the Aqueous 
Phase of the Saponified Cell Wall Fraction of Cells. 
Values represent the mean of three replicate +1- S.E. 
Results are presented on both a per culture and per 
g.f.wt. basis. 
analysis of variance tables.) 
Source d.f. 58 
Vanillin 1 3.77x10 2 
Age 2 4.76x1r2 
Interaction 2 3.60x10 2 
Error 12 3.29x1cr 1 
Total 17 4.51x10 1 
MS 	 F 	p 
3.77x10 2 	1.38 	N.S. 
2.38x10 2 0.87 N.S. 
1.8Ox10r 2 	0.66 	N.S. 
2.74X10-2  
Table 3.3.18.a. Two-Way Analysis of Variance summary 
Table for the amount of Radioactivity recovered from the 
Aqueous Phase of the Cell Wall when data are presented on 
a per culture basis. 
Source d.f. SS MS F 	p 
Vanillin 1 4.89xl0 3 4.89x10 3 2.95 	N.S. 
Age 2 6.33x10 3 3.16x10 3 1.90 N.S. 
Interaction 2 1.62x10 3 8.10xlr4 0.49 	N.S. 
Error 12 2.00x10 2 1.66x10 3 
Total 17 3.28x10 2 
Table 3.3.18.b. Two-way Analysis of Variance Summary 
Table for the amount of Radioactivity recovered from the 
Aqueous Phase of the Cell Wall when data are presented on 
a per g.f.wt basis. 
3.3.2.2.3 changes in the Radioactivity in the Soluble 
Protein in cells on the Addition of Vanillin. 
Table 3.3.19 shows the amount of radioactivity 
present in the soluble protein of the cell. Two-way 
analysis of variance shows that there is no significant 
change in the incorporation of [ 14Qjphenylalanine into 
the soluble protein with culture age or with vanillin 
treatment with the data presented either on a per culture 
or a per g.f.wt. basis (see Tables 3.3.20.a & b for 
summary analysis of variance tables for data presented on 
a per culture and per g.f.wt. basis respectively). 
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Culture Age 





subculture) (pCi per culture) 
	
(pCi per g.f.wt.cells) 
Control 
5. 12xl0 1±5. 22x10 2 
6.64xl0 1±1.22x10 1 
8. 56xl0 1±2. 24xl0 2 
Plus Vanillin 
6. 67x10 1±3. 79x10 2 
7!88x10_1±660x l0_2 
5. 70x10 1±1 . 82x10 1 
Control 
1. 64x10 1±3 . 35xl0 2 
1. 22x10 1±1 . 10x10 2 
1. 30x10 1±2 . 10x10 2 
Plus Vanillin 
1. 60xl0 1±1. 67xl0 2 
1. 55x10 1±1 . 08x10 2 






Table 3.3.19 The Levels of Radioactivity in the Soluble 
Protein of Cells. 
Values represent the mean of three replicate +1- S.E. 
Results are presented on both a per culture and per 
g.f.wt. basis. 
Source 	d.f. SS MS F p 
Vanillin 	1 0.00 0.00 0.00 N.S. 
Age 	 2 6.78x10 2 3.39x10 2 1.19 N.S. 
Interaction 2 1.81x10 9.07x10 2 3.18 N.S. 
Error 	12 3.42x10 1 2.85x10 2 
Total 17 5.92xl0 1 
Table 	3.3.20.a. Two-Way 	Analysis of Variance summary 
Table for the amount of Radioactivity recovered from the 
Soluble Protein of cells when data are presented on a per 
culture basis. 
Source 	d.f. 88 MS F 	p 
Vanillin 	1 4.00x10 5 4.00x10 5 0.03 N.S. 
Age 	 2 7..61x10 3 3.80x10-3 2.43 N.S. 
Interaction 2 3.67xl0-3 1.83x10 3 1.17 N.S. 
Error 	12 1.87x10 2 1.56xl0 3 
Total 17 3.00x10 2 
Table 	3.3.20.b. Two-Way 	Analysis of Variance Summary 
Table for the amount of Radioactivity recovered from the 
Soluble Protein of cells when data are presented on a per 
g.f.wt 	basis. 
3.3.2.2.4 changes in the Radioactivity Incorporated into 
the 'Lignin' of Cells on the Addition of Vanillin. 
Table 3.3.21 shows the changes in the activity 
measured in the 'lignin' fraction of cells. Two-way 
analysis of variance on the data presented on a per 
culture basis shows no significant changes in the 
activity recovered for either culture age or vanillin. 
However, data presented on a per g.f.wt. basis show a 
significant change in activity, at p<O.Ob, with culture 
age. Vanillin has no significant effect on the activity 
present in the 'lignin-like' material. However, there is 
a significant interaction between culture age and 
vanillin at the p<0.05 level. See Table 3.3.22.a & b for 
summary analysis of variance tables for data presented on 
a per culture and per g.f.wt basis respectively. In order 
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Culture Age 
(d from last 
subculture) 
Radioactivity Recovered 
(pCi per culture) 
Radioactivity Recovered 





	 Plus Vanillin 
5. 00x101±9 . 43x10 2 
3. 21xl0'±l . 03x10 1 
3. 19xl0'.±8. l7x10 2 
2. 64x10'±S . 5OxlO 
2. 73x10'±l 67xl0 2 
4.17x10 1-f-6.89x10 2 
1. 67x10 1±3 13xl0 2 
5. 91x102±l . 80x10 2 
4. 39x10 2±7 . 25x10 3 
5. 23x1O±2 . 94xl0 2 
5. 37x10 2±2. 93x10 3 
6.58x10 2±1.26xl0 2 
15 
22 
L.S.D. 5%=6.16x10 2 
Table 3.3.21 The Levels of Radioactivity in the Lignin of 
Cells. 
Values represent the mean of three replicate +1- S.E. 




to try and identify any effects that culture age has on 
cultures the data was presented graphically (see Fig. 
3.3.7). From Fig. 3.3.7 it can be seen that when data are 
presented on a per g.f.wt. basis the incorporation into 
'lignin-like' material in vanillin treated cultures is 
constant in each age of culture. However, in control 
cultures, the incorporation is high in Sd. cultures but 
is at the same (lower) level as in vanillin treated 
cultures in both 15d. and 22d. cultures. It would appear 
that vanillin is decreasing the amount of 
[ 14C]phenylalanine being channelled into the synthesis of 
the 'lignin-like' material in 7d. cultures. 
Source d.f. 85 MS F 	p 
Vanillin 1 1.72x10 2  1.72x10 2 1.01 	N.S. 
Age 2 2.49xl0 2  1.25xlC2 0.73 N.S. 
Interaction 2 8.43xlC2 4.21x10 2 2.46 	N.S. 
Error 12 2.05x10 1.71x10 2 
Total 17 3.32x10 1 
Table 3.3.22.a. Two-Way Analysis of Variance summary 
Table for the amount of Radioactivity recovered from the 
'Lignin' of Cells when data are presented on a per 
culture basis. 
Source d.f. SS MS F 	p 
Vanillin 1 4.79x10r 3 4.79x10 3 3.99 	N.S. 
Age 2 1.16x10 2 5.81x10 3 4.84 	<0.05 
Interaction 2 1.56x10 2 7.79x10 3 6.49 <0.05 
Error 12 1.44xl0T2 1.20x103 
Total 17 4.63x10 2 
Table 3.3.22.b. Two-Way Analysis of Variance Summary 
Table for the amount of Radioactivity recovered from the 
















































6 	8 	10 	12 	14 	16 	18 	20 	22 	24 
Culture Age (days from last subculture) 
Fig. 3.3.7 The Amount of Radioactivity Partitioning into 
the 'Lignin-Like' Material of Cells when Results are 
Presented on a Per g.f.wt.basis. 
Values are the mean of three replicates. 
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In parts 3.2 and 3.3 the metabolism of ferulic acid 
and vanillin by suspension cultures of C. .frutescens was 
studied. In order to determine the role of vanillin in 
the phenylpropanoid pathway which leads to the synthesis 
and accumulation of capsaicin, fruits of C. frutescens 
were used. Unfortunately the cultures under investigation 
did not accumulate capsaicin, therefore an alternative 
system, developing fruits, was selected. It is known that 
fruits of C. .frutescens produce substantial amounts of 
capsaicin on a regular and predictable basis and this 
system was used for the remainder of this study. 
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SUMMARY OF 3.3 
The following points have emerged from the 
experiments detailed in this part:- 
Vanillyl alcohol was produced in substantial amounts 
when vanillin was supplied to Sd. and 19th cultures and 
the percentage biotrans formations were 45% and 24% 
respectively. 
A compound which was tentatively identified as a 
vanillic acid glycoside was produced in 8d. and 19d. 
cultures supplied with vanillin. 
small amounts of vanillin were produced when vanillyl 
alcohol 	was 	supplied 	to 	8d. 	cultures. 	The 
biotransformation was 0.06%. 
Vanillin increased the amount of [ 14c]phenylalanine 
incorporated into the organic phase of the medium in Sd. 
cultures. 
Vanillin had no effect on the [ 14C]phenylalanine 
incorporated into the aqueous phase of the medium. 
However, culture age did have a significant effect on a 
per culture and a per g.f.wt. basis, the maximum 
radioactivity being present in lsd. cultures and lower in 
both Sd. and 22d. cultures. 
culture age was the only factor with a significant 
effect on the [ 14C]phenylalanine incorporated into the 
organic phase of the MeOJ-J extract of cells. There was only 
an effect on a per culture basis and there was an 
increasing trend of incorporation of [ 14c]phenylalanine 
with increasing culture age. 
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Vanillin decreased the amount of [ 14C]phenylalanine 
incorporated into the aqueous phase of the MeON extract of 
cells when the data were presented on a per culture basis. 
Increasing culture age decreased the amount of 
{ 14Cjphenylalanine incorporated into this fraction both on 
a per culture and per g.f.wt. basis. 
Vanillin had no effect on the amount of 
[ 14C]phenylalanine incorporated into the organic phase of 
the saponified cell wall fraction but culture age does 
have an effect on data represented on a per culture and a 
per g.f.wt. basis. There appeared to be an increasing 
trend of [ 14C]phenylalanine incorporated into this phase 
with increasing culture age. 
Neither vanillin or culture age had a significant 
effect on the amount of [ 14C]phenylalanine incorporated 
into the aqueous phase of the saponified cell wall 
fraction or the soluble protein fraction of cells. 
Culture age had a significant effect on the amount of 
[ 14C]phenylalanine incorporated into the 'lignin-like' 
material of cells when data were presented on a per 
g.f.wt. basis. Vanillin appeared to decrease the amount of 
[ 14 C]phenylalanine incorporated into the 'lignin-like' 
material in ad. cultures to the level found in the control 
cultures. 
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3.4 THE GROWTH AND CAPSAICIN ACCUMULATION OF FRUITS OF C. 
FRUTESCENS - 
In previous parts (3.2 and 3.3) the effects of 
putative precursors to capsaicin on phenolic metabolism 
in suspension cultures of C.frutescens were studied. The 
remaining parts in this chapter (3.5, 3.6 and 3.7) 
concentrate on the effect of vanillin on capsaicin 
production in fruits. Fruits of C. frutescens were used 
instead of cultures because capsaicin is produced in mg 
quantities at a predictable stage of development (Iwai et 
al., 1979) which correlates with the age of the fruit 
(Hall et al., 1987) and begins at the downturn of growth 
(Sukrasno, 1991; Sukrasno and Yeoman, 1993). Cultured 
cells of C. frutescens can be stimulated to produce 
capsaicin by several means e.g. cell immobilization and 
nutrient limitation (Lindsey and Yeoman, 1984b; Lindsey, 
1985), elicitation with fungal spores (Holden et al., 
1988 a,b) and the feeding of precursors (Yeoman et al., 
1980; Lindsey, 1986a). However, the amounts of capsaicin 
released into the medium of suspension cultures by these 
methods is very small. Used in combination, e.g. cell 
immobilization together with nutrient limitation and/or 
precursor feeding these methods can increase capsaicin 
production in cells to levels approaching those found in 
the fruit (Lindsey and Yeoman, 1984a,b). However, fruits 
remain the most reliable and convenient source of 
capsaicin and were the method chosen to investigate 
capsaicin synthesis in this study. 
Before commencing this series of feeding experiments 
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with fruits it was necessary to establish the precise 
timing of the onset of capsaicin accumulation under the 
growth conditions used in this study and this was the aim 
of part 3.4. 
3.4.1 The Growth of C. .Crutescens Fruits. 
Fruit length and f.wt. were the parameters used to 
follow fruit growth. Plants of C. frutescens were 
cultivated in a growth room and flowers tagged at 
anthesis (see 2.1 for details of enviromental conditions 
and tagging of flowers). Every 4-6d. fruits were 
harvested (three at each time point) and length and f.wt. 
determined. 
The results presented in Fig. 3.4.1 show the 
increase in fruit length and f.wt. over the growth 
period. There is a rapid increase in fruit length from 
0.5cm to 6.1cm from 5-12d., thereafter there is no 
further change. There is also an increasing trend in the 
f.wt. of fruits from 5-15d. (0.02 to 1.42g) which 
precedes a period from 15-41d. in which the f.wt. remains 
fairly constant. The large S.E.'s are due to natural 
variation between fruits and make it difficult to 
accurately determine the precise time that fruit growth 
ceases. 
As with the raw data for culture growth, data for 
fruit length and f.wt. were transformed to log e and 
plotted against time. Linear regression was used to fit 
the best-fit straight line to each phase of growth and 
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Fig. 3.4.1 changes in the Length (0-0) and Fresh Weight 
([]-[]) of fruits of C. frutescens with Time. 











shown. The gradients of these lines gives the relative 
growth rate (R value) of fruits. Mean doubling time (DT) 
(defined as 0.693/R) was calculated. 
Fig. 3.4.2 shows the loge of fruit length plotted 
against time. This clearly shows two phases of fruit 
elongation; the first from 5-12d. where fruits are 
rapidly expanding and 12-41d. where there is very little 
growth. The R for these phases are 0.296 and 0.006 
respectively giving a DT of 2.3 and 115.5d. Fig. 3.4.3 
shows loge f.wt. plotted against time. Again two phases 
of growth are present; a period of rapid f.wt. increase 
from 5-12d. where the H is 0.432 and a period of slower 
f.wt. increase from 12-41d. where the H is 0.019. The DT 
for each phase is 1.6 and 36.5d. respectively. 
3.4.2 Capsaicin Accumulation in C. frutescens fruits. 
After fruit length and f.wt. had been measured, 
fruits were extracted in MeOH and partitioned in EtoAc 
and Et20 as described in 2.6.2. These extracts were 
analysed for phenolic content by HPLC (see section 
2.7.2). Capsaicin content was estimated by comparing peak 
areas at A280nm with those of the calibration curves 
constructed as described in 2.7.2. The amount of 
capsaicin recovered from fruits is shown in Fig. 3.4.4. 
From 8-12d. no capsaicin is present in fruits but by lSd. 
capsaicin accumulation has started. There is a rapid 
increase in capsaicin levels from 15-30d. (from 51.6 to 
1248.8pg on a per fruit basis); thereafter the level 
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Fig. 3.4.2 Loge of Fruit Length Plotted Against Time. 
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Fig. 3.4.3 Loge of Fruit Fresh Weight Plotted Against 
Time. 





















0 	5 	10 	15 	20 	25 	30 	35 	40 	46 
Days from .Anthesis 
Fig. 3.4.4 changes in the Amounts of capsaicin Recovered 
from Fruits of C. frutescens. 
Bars represent the S.E. of the mean of three replicates. 
Points show the mean capsaicin level recovered on a per 
fruit and a per g.f.wt. basis. 
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were recorded on d.34; 1277.9pg per fruit and 880.2pg 
per g.f.wt. respectively. Capsaicin levels per g.f.wt. 
are consistent with those recorded by Sukrasno and Yeoman 
(1993) . However, the levels recovered per fruit are 
lower due to the lower f.wt. of fruits. The onset of 
capsaicin accumulation was also about 5d. earlier than 
recorded by Sukrasno and Yeoman (1993).Q By comparing 
Figs. 3.4.1 with 3.4.4, it can be seen that capsaicin 
accumulation begins when fruit growth is slowing down or 
has ceased. This is consistent with the findings of Hall 
et al. (1987) and also Holland (1989) who showed that 
{ 3H]vanillylamine was a precursor to the aromatic moiety 
of capsaicin in fruits of C. Irutescens but that its 
incorporation into capsaicinoids only began at the 
downturn of fruit growth. 
3.4.3 Selection of Growth Stages for Further Study of 
capsaicin Biosynthesis. 
Fruit development can be divided into three 
different stages with respect to capsaicin production; 
fruits 8-12d., 12-30d. and 30-41d. after anthesis. These 
correspond to pre, active and post capsaicin biosynthesis 
respectively. It is known that capsaicin synthesis causes 
its accumulation as Hall et al. (1987) showed that fruits 
which were accumulating capsaicin could utilize added 
[ 14C]phenylalanine to produce radiolabelled capsaicin 
therefore showing capsaicin synthesis was taking place. 
Later experiments in this thesis (part 3.5) show the same 
result, i.e. that during the period of capsaicin 
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accumulation [ 14 C]phenylalanine was incorporated into 
capsaicin confirming that synthesis was taking place. 
In 3.5.1 fruits from each of the three stages were 
used to study the effects of vanillin on the 
incorporation of [ 14Cjphenylalanine into capsaicinoids. 
Some of the cinnamoyl glycosides and flavonoids which 
occur naturally in fruits of C. trutescens are thought to 
be stored intermediates of capsaicin (Sukrasno, 1991). 
Hence any changes in the accumulation of these glycosides 
and flavonoids when vanillin was added may have 
implications for capsaicin synthesis. It was for this 
reason that the accumulation of these compounds in fruits 
was studied at each of the three stages of fruit 
development and is described in 3.4.4. 
3.4.4 The Accumulation of Free Phenolics and Certain 
Conjugates at Three Stages of Fruit Development. 
Sample HPLC chromatograms of organic and aqueous 
extracts, with the U.V. spectrum of the major peaks, for 
the three stages of fruit used in later experiments, are 
presented in Figs. 3.4.5.a and b. 
Fig. 3.4.5.a shows sample HPLC chromatograms and 
associated U.V. spectra of the major peaks, of the 
organic phase extract for fruits of 8, 24 and 34d. after 
anthesis. At 8d. fruits have virtually no free 
phenolics present. By 24d. there are two major free 
phenolics (b and c) which correspond to capsaicin and 
dihydrocapsaicin respectively. The shoulder on peak b is 
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Fig. 3.4.5.a Sample HPLC Chromatograms of the Organic 
Phase of Fruit Extracts. 
Above are chromatograms of the organic phase extracts of 
8, 24 and 34d. fruits. The U.V. spectra of the major 
peaks with their identity, where known, are also shown. 
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Fig. 3.4.5.b Sample Hflc Chromatograms of the Aqueous 
Phase of Fruit Extracts. 
Above are chromatograms of the aqueous phase extracts of 
8, 24 and 34d. fruits. The U.V. spectra of the major 
peaks with their identity, where known, are also shown. 
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capsaicinoid and peak a is unknown. At 34d. there are no 
major changes in the free phenolic content of fruits 
although the levels of capsaicinoids are slightly higher. 
The levels of peaks a and d have not increased. 
Fig. 3.4.5.b shows sample HPLC chromatograms and 
associated U.V. spectra of the major peaks of the aqueous 
phase extract for fruits of 8, 24 and 34d. after 
anthesis. At 8d. fruits show conjugated phenolics f, h 
and k present. Compound h is thought to be 3,4-
dimethoxycinnamoyl glycoside as the phenolic present 
after hydrolysis had the same Rt and U.V.spectrum as 3,4-
dimethoxycinnamic acid (Sukrasno, 1991.) The identities 
of f and k are not known but it is thought that peak f 
could be a mixture of phenolics which have been 
glycosylated with numerous sugar residues (Sukrasno, p. 
comm.) 
By 24d. the level of peak f has increased 
dramatically and is accompanied by peak e which has a 
similar U.V. spectrum to f. This peak and the shoulder on 
peak f are thought to be a similar mixture of compounds 
to peak f. The amount of peak k also appears to have 
increased by 24d. whereas the level of h remains 
relatively constant. 
At 24d. there are two compounds, g and j, present 
which were not detected in 3d. fruits. Peak g was 
identified as a vanillic acid glycoside since the 
phenolic present after hydrolysis has the same Rt and 
U.V. spectrum as vanillic acid (Sukrasno, 1991) The 
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identity of j is not known. 	By 34d. after anthesis, 
compound i is also present. 	This is thought to be 
p-coumaroyl glycoside since the phenolic present after 
hydrolysis has the same Rt and U.V. spectrum as 
p-coumaric acid (Sukrasno, 1991) 
A vanillic acid glycoside was present in suspension 
cultures after the addition of vanillin (part 3.3). 
Vanillic acid was also found to be radiolabelled when 
[ 14CJcinnamic acid was fed to suspension cultures of V. 
planifolia (Funk and Brodelius, 1990b). Therefore, as the 
vanillic acid glycoside had a possible metabolic link 
with vanillin it was decided to study its accumulation 
over the timecourse in more detail. 
3.4.5 The Accumulation of A Vanillic Acid Glycoside in 
Fruits of C. frutescens. 
In part 3.3 vanillic acid glycoside was produced by 
suspension cultures which had been supplied with 
vanillin. A vanillic acid glycoside was also reported to 
be present in fruits at certain stages of development 
(Sukrasno and Yeoman, 1993). As this glycoside is likely 
to be produced from vanillin, its level was monitored 
during fruit growth. 
Fig. 3.4.6 shows the amounts of the vanillic acid 
glycoside recovered from fruits. There is no accumulation 
of this compound before lsd., however, by 20d. it can be 
detected and the amount, on a per fruit basis, whilst 
variable, seems to increase until 24d. when the mean 
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Fig. 3.4.6 changes in the Levels of A Vanillic Acid 
Glycoside Recovered from Fruits of C. frutescens. 
Bars represent the S.E. of the mean of three replicates. 
Points show the mean vanillic acid glycoside level 
recovered on a per fruit and a per g.f.wt. basis. 
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the level of the vanillic acid glycoside remains 
constant. On a per g.f.wt. basis, the level of this 
glycoside shows an increasing trend until 30d. when a 
maximum level of 130.9x10 6 is reached. Thereafter the 
level remains constant. 
By comparing Figs. 3.4.1, 3.4.4 and 3.4.6, it can be 
seen that the accumulation of capsaicin and this vanillic 
acid glycoside occurs at the same stage of fruit 
development i.e. when fruit growth has virtually ceased. 
The growth and phenolic accumulation of fruits of C. 
frutescens was studied in this part, 3.4, as a background 
to the experiments on capsaicin biosynthesis which now 
follow. From the findings in 3.4, fruit development can 
be divided into three stages; pre, active and post 
capsaicin accumulation. In the next part, 3.5, fruits at 
each of these three stages were fed [ 14C]phenylalanine 
with and without vanillin to determine the effect of 
vanillin on capsaicin synthesis. 
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Summary of 3.4 
The following points have emerged from the 
experiments detailed in this part:- 
The most rapid increase in fruit length occurred 
between 5-12d. 
There was a rapid increase in fwt. of fruits from 
5-l2d. 
No capsaicin was recovered from fruits until 15d. 
Most capsaicin was accumulated from 15-30d. when 
fruit growth had slowed down or had ceased. 
A vanillic acid glycoside was accumulated in fruits. 
It could be detected from 20d. and reached a maximum 
level at Ca. 24-30d. 
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3.5 THE EFFECT OF VANILLIN ON PHENOLIC METABOLISM IN 
FRUITS OF C. FRUTESCENS. 
In part 3.4 the pattern of capsaicin biosynthesis in 
fruits of C.frutescens, under the growth conditions 
described in 2. 1, was accurately determined. This meant 
that capsaicin precursors could be fed to fruits pre, 
during and post capsaicin biosynthesis. 
In this part the effect of added vanillin on the 
metabolism of capsaicin is examined in fruits which, 
unlike cultured cells, produce substantial amounts of 
capsaicin on a regular basis. 
The overall experimental strategy used here, 
developed from earlier experiments with cultured cells, 
involved feeding fruits with [ 14C]phenylalanine and 
vanillin and observing the pattern of incorporation of 
the label in the presence and absence of vanillin. This 
approach is based on the assumption that 
( 14C)phenylalanine will be incorporated into the 
intermediates leading to capsaicin. Therefore, the 
addition of a non-labelled intermediate together with a 
radioactive precursor, more distant from the product, 
would decrease the specific activity of capsaicin by 
dilution. Hence, if vanillin is an intermediate it should 
cause a drop in the specific activity of capsaicin when 
it is fed with [ 14C]phenylalanine. 
In the first section, 3.5.1, a single concentration 
of vanillin was fed to fruits at three different stages 
of development. In 3.5.2, a range of vanillin 
concentrations were fed to fruits which were actively 
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accumulating capsaicin. 
3.5.1 	A 	comparison 	of 	the 	Incorporation 	of 
[ 14c]Phenyla].anine into Phenolics in C. frutescens Fruits 
fed with Vanillin at Different Developmental Stages. 
The aim of the experiment described in this section 
was to study the effect of vanillin on [ 14C]phenylalanine 
incorporation into phenolics in fruits at three different 
developmental stages. These were pre, during and post 
capsaicin synthesis, i.e. 8, 24, and 34d. after anthesis 
respectively. The amount of radioactivity remaining in 
the phenylalanine fraction was also measured. 
Plants of C. frutescens were cultivated in a growth 
room and flowers tagged at anthesis (see 2.1 for 
details). A pre-mixed solution of ipCi of 
[ 14 C]phenylalanine and 250pg of vanillin in H20 was 
injected directly into the loculi of attached pepper 
fruits as described in 2.4. control fruits were supplied 
with a pre-mixed solution of [ 14c]phenylalanine and H20. 
Three time points were used; 8, 24 and 34d. from anthesis 
with three replicates for each treatment, giving a total 
of 18 fruits. Harvesting took place after 24h. at 9, 25 
and 35d. from anthesis respectively. 
Phenolics were extracted from fruits by thoroughly 
grinding in MeOH as described in 2.6.2. The capsaicinoids 
in the extracts were separated by 2-ID TLC and visualized 
by autoradiography (described in 2.7.1.1 and 2.7.1.2 
respectively). The appropriate spot corresponding to the 
capsaicinoids was scraped off the plate and suspended in 
lml of MeOH. The radioactive content of the capsaicinoids 
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was determined by liquid scintillation counting (see 
2.7.3). HPLC analysis of the MeOfi extracts was used to 
determine the amount of capsaicinoids present in the 
extracts (see 2.7.2). The column effluent from HPLC was 
collected over 1mm. intervals and subjected to liquid 
scintillation counting. This gave an estimate of the 
incorporation in different compounds. The amounts of 
capsaicin and dihydrocapsaicin were estimated by 
comparing peak areas at A280nm with those of the 
calibration curves constructed as described in 2.7.2. 
Two-way analysis of variance was carried out to test for 
significant differences in the incorporation of 
[ 14C]phenylalanine in control and vanillin treated 
fruits. It also gave a test of significance of the effect 
of fruit age on [ 14C]phenylalanine incorporation. Any 
interaction between these two factors was also analysed. 
L.S.D. 5% was calculated (where appropriate) to allow a 
comparison between pairs of treatment means (see 2.8.3) 
3.5.1.1 The Pattern of Incorporation into Phenolics as 
Determined by Autoradiography. 
Figs. 	3.5.1.a,b and c are a selection of 
autoradiographs of MeOH extracts from fruits at 8, 24 
and 34d. respectively fed with [ 14C]phenylalanine only 
and with [ 14 C]phenylalanine and vanillin, harvested at 9, 
25 and 35d. respectively. 
As expected 9d. fruits produced no radioactive spot 
corresponding to capsaicinoids (see Fig. 3.5.1.a). Most 
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Fig. 3.5.1. Sample Autoradiographs of Meoli Extracts of 
Fruits. 
Fruits of 8, 24 and 34d. were supplied with 
[ 14C]phenylalanine only and with [ 14 C]phenylalanine and 
vanillin for 24h. Harvest took place at 9, 25 and 35d. 
respectively. 
O=Origin; SFl=first solvent front; 5F2=second solvent 
front. 	 169 
moved only in the solvents used for the second dimension. 
There are no differences in the distribution of 
radioactivity between treatments at this stage of 
development. 
In 25d. fruits radioactive capsaicinoids were 
detected (see Fig. 3.5.1.b) and appeared to be more 
intensively labelled in control fruits than in those 
treated with vanillin. This was confirmed by liquid 
scintillation counting of the TLC spot corresponding to 
the capsaicinoids and the results of this are presented 
in Table 3.5.1. No other differences between treatments 
are discernible by autoradiography at this stage of fruit 
development. In 35d. fruits radioactive capsaicinoids 
were also present (see Fig. 3.5.1.c). The level of 
labelled capsaicinoids present varied amongst fruits fed 
[ 14 C]phenylalanine. In the plus vanillin treated fruits, 
labelled capsaicinoids were only detected in one fruit. 
Two-way analysis of variance was used to test for 
significant differences in the incorporation of 
[ 14C]phenylalanine into capsaicinoids between control and 
vanillin treated fruits and with fruit age. 
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[ 14C] Recovered (dpm) at each fruit age 
9d. 	25d. 	 35d. 
Control 	n.d. 	25,982+/-8550 	11,882+1-5928 
Plus vanillin n.d. 	7,927+/- 439* 	3,688+/-3688 
Table 3.5.1 The Incorporation of [ 14C]phenylalanine into 
capsaicinoids. 
Fruits were fed for 24h. with [ 14C]phenylalanine at 8, 24 
and 34d. from anthesis. Values are the mean of three 
replicates +1- S.E. 
* = significant difference between control and vanillin 
treated fruits at p<0.05. 
From Table 3.5.1 it can be seen that there are no 
labelled capsaicinoids produced in 9d. fruits. At 25d. 
labelled capsaicinoids are produced and there is a 
reduction in the label incorporated into capsaicinoids 
(significant at pc0.05 level) in the presence of 
vanillin. At 35d., fruits are more variable as described 
previously and the reduction in the label present in 
capsaicinoids is not significant. It would appear that 
vanillin causes a decrease in the level of label 
incorporated into capsaicinoids in 24d. fruits, i.e. 
during the active accumulation of capsaicin. 
Fruit age also has a significant effect (at pc0..01) 
on the incorporation of 	[ 14C]phenylalanine into 
capsaicinoids. As already stated, there is no 
incorporation of [ 14cJphenylalanine into capsaicinoids in 
9d. fruits. There is also a significant reduction (at 
p<0.05) in the incorporation of [ 14 C]phenylalanine into 
35d. control fruits compared to 25d. control fruits. A 
summary analysis of variance table is presented in Table 
2.5.2. 
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Source d.f. SS 
Vanillin 1 3.29x10 8 
Age 2 8.66x10 8 
Interaction 2 2.50x10 8 
Error 12 7.33x10 8 
Total 17 2.18x10 9 
MS 	P 	p 
3.29x10 8 	5.38 	p<0.05 
4.34x10 8 7.11 p<0.01 
1.25x10 8 	2.04 	N.S. 
6.1 1X107 
L.S.D. 5% = 1.39x10 4 
Table 2.5.2. Two-Way Analysis of Variance summary Table 
for the Amount of [ 14C]Phenylalanine Incorporated into 
capsaicinoids as determined by TLC. 
3.5.1.2 The Pattern of Incorporation into Phenolics as 
Determined by HPLC. 
Figs. 3.5.2, 3.5.3 and 3.5.4 show sample HPLC 
chromatograms and the corresponding pattern of 
radioactivity in the MeOH extracts from fruits at 8, 24 
and 34d. respectively and supplied with 
[ 14 C]phenylalanine only and with [ 14C]phenylalanine and 
vanillin, harvested at 9, 25 and 35d. Surprisingly, no 
vanillin was present in any of the extracts after 24h. 
Hence fruits of these three ages were able to completely 
metabolize 250jig of added vanillin in 24h. In 9d. fruits 
most of the label is present in compounds eluting at 
8.24, 11.27 and 14.15mm. Capsaicinoids are absent 
confirming the results obtained by autoradiography. 
Adulterating samples with f 14C]phenylalanine confirmed 
that phenylalanine elutes between 8 and 9mm. Hence it is 
probable that most of the radioactivity in fraction nine 
is due to unmetabolised phenylalanine. The compound 
eluting at 11.27mm. was tentatively identified as 3,4 
dimethoxycinnamoyl glycoside from its descriptive U.V. 
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Fig. 3.5.2 Sample RPLC Chromatograms and the Pattern of 
Distribution of the ( 14C] label in the HeOH Extracts of 
96. Fruits fed ( 1 CJPhenylalanine with and without 
Vanillin. 
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Fig. 3.5.3 sample HPLC Chromatograms and the Pattern of 
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Fig. 3.5.4 sample HPLC Chromatograms and the Pattern of 
Distribution of the [ 14C] label in the MeOR Extracts of 
35d. Fruits fed [ 14C]Phenylalanine with and without 
Vanillin. 
The identity of peaks where known is shown. 
17.03mm. are unknown. Two new compounds are produced in 
9d. fruits fed with vanillin with Rt's of 3.7 and 4.5mm. 
These were present in all three replicates. These peaks 
are thought to correspond to a vanillic acid glycoside 
and vanillyl alcohol respectively from their Rt and U.V. 
spectra. 
At 25d. the distribution of the label has changed. 
In the control treatment, the radioactivity occurs in the 
fraction containing the vanillic acid glycoside (Rt of 
4.5mm.) as well as in the phenylalanine fraction and in 
capsaicinoids. Capsaicin and dihydrocapsaicin elute at 
22.3 and 23.0mm. respectively. 
At 35d., the labelling pattern is similar for both 
treatments, most of the label remains in the 
phenylalanine fraction. No new compounds were detected in 
the extracts of 25d. or 35d. fruits fed with vanillin in 
comparison to the control fruits. Table 3.5.3 shows the 
levels of radioactivity associated with the phenylalanine 
fraction for each age of fruit. 
[ 14C] in the Phenylalanine Fraction 
(dpmxlO 1 ) 
9d. 	 25d. 	 35d. 
Control 	2,848+/-1,241 1,673+/- 180 3,002+/ 729 
Plus Vanillin 6,080+/-1,337 5,094+/-1,896 3,351+/-1,643 
Table 3.5.3. The Amount of Radioactivity in the 
Phenylalanine Fraction After 24h. 
Fruits were fed with lpCi of [ 14C]phenylalanine at 8, 24 
and 34th from anthesis with and without vanillin for 24h. 
Values and are the mean of three replicates +1- S.E. 
There are no significant differences between treatments 
at p<O.O5. 
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From Table 3.5.3 there appears to be more residual 
activity in the phenylalanine fraction after 24h. in 
fruits fed with vanillin at 8 and 24d. after anthesis 
than in comparison to the controls. However, two-way 
analysis of variance showed no significant differences, 
at p<0.05, in the levels of radioactivity remaining in 
the phenylalanine fraction between control and vanillin 
treatments. Fruit age also had no significant effect at 
p<0.05 on the amount of radioactivity remaining in the 
[ 14 C]phenylalanine fraction. Table 3.5.4 shows the 
summary analysis of variance table. 
Source 	d.f. SB MS F 	p 
Vanillin 	1 2.45x10 9 2.45x109 2.75 	N.S. 
Age 	 2 5.77xl0 8 2.88x108 0.32 N.S. 
Interaction 	2 9.46x10 8 4.73x108 0.53 	N.S. 
Error 	12 1.07x10 10 8.94x108 
Total 17 1.47x10 10 
Table ().5.4. 	Two-Way Analysis of Variance summary Table 
for 	the'' Amount of 	Radioactivity 	Remaining in 	the 
Phenylalanine Fraction after 24h. 
Table 3.5.5 	shows the amounts, 	levels 	of 
incorporation and specific activities for the 
capsaicinoids present in extracts of 9, 25 and 35d. 
fruits. Two-way analysis of variance (see section 2.8.3) 
was performed to test for significant differences between 
control and vanillin treated fruits and to test for the 
effect of fruit age on the amounts, level of 
incorporation and specific activities of capsaicinoids. 
The results presented in Table 3.5.5 show there is no 
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Table 3.5.5 The Amount, Incorporation and Specific Activity of Capsaicinoids. 
Fruits were fed with lpCi of [ 14C]phenylalanine at 8, 24 and 34d. from anthesis with and 
without vanillin for 24h. Values are the mean of three replicates +1- S.E. 
* = significance difference between control and vanillin treated fruits at p<0.05 
accumulated, on the addition of vanillin to fruits, at 
either 25 or 35d. In 25d. fruits, there appears to be a 
decrease in the amount of capsaicinoids accumulated on 
the addition of vanillin but this is not significant at 
the p<0.05 level. There is, however, a reduction in the 
incorporation of [ 14C]phenylalanine into capsaicinoids, 
on the addition of vanillin, in 25d. fruits significant 
at the pc0.05. 
At 25d. there is no significant reduction in 
specific activity of capsaicinoids on the addition of 
vanillin to fruits either on a per fruit or a per g.f.wt. 
basis. At 35d. there is a significant decrease in the 
specific activity of capsaicinoids when vanillin is fed, 
in comparison to control fruits, when results are 
presented on a per fruit basis. 
Fruit age has a significant effect on capsaicinoid 
content, the incorporation of [ 14C]phenylalanine into 
capsaicinoids and in the specific activity of 
capsaicinoids (when data were represented on a per fruit 
basis and a per g.f.wt. basis) at p<O.Ol. Fruits at 9d. 
do not produce any capsaicinoids and do not show any 
incorporation into capsaicinoids. There is no significant 
difference in the amounts of capsaicinoids accumulated 
between 25d. and 35d. control fruits. There is also no 
significant difference in the incorporation of 
{ 14C]phenylalanine into capsaicinoids between 25d. and 
35d. control fruits. However, fruits at 25d. show the 
greatest specific activity of capsaicinoids (when data 
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are represented on a per g.f.wt. basis.) St mmary analysis 
of variance tables for capsaicinoid content, the 
incorporation of [ 14C]phenylalanine into capsaicinoids 
and the specific activity of capsaicinoids on both a per 
fruit and per g.f.wt. basis are shown in Tables 3.5.6, 
3.5.7, 3.5.8 and 3.5.9 respectively. 
Source d.f. SS MS P p 
Vanillin 1 0.182 0.182 2.53 N.S. 
Age 2 6.484 3.242 45.03 p<0.01 
Interaction 2 0.388 0.194 2.69 N.S. 
Error 12 0.865 0.072 
Total 17 7.917 
L.S.D. 	5% = 0.48 
Table 	2.5.6. Two-Way Analysis of Variance Summary Table 
for the Amount of Capsaicinoids Recovered from Fruits. 
Source d.f. 55 MS F p 
Vanillin 1 9.36x107 9.36x10 7 5.06 p<0.05 
Age 2 4.61x10 8 2.31x10 8 12.49 p<0.01 
Interaction 2 5.54x10 7 2.77x107 1.50 N.S. 
Error 12 2.22x10 8 1.85x107 
Total 17 8.32x10 8 
L.S.D. 5% = 765.2x10 1 
Table 2.5.7. Two-Way Analysis of Variance summary Table 
for the Amount of [ 14C]phenylalanine Incorporated into 
Capsaicinoids. 
Source d.f. 85 MS F 	p 
Vanillin 1 2.40x10 7 2.40x10 7 10.08 	p<0.01 
Age 2 3.07x10 8 1.54xl08 64.71 p<0.01 
Interaction 2 2.20x10 7 1.lOx10 7 4.62 	p<0.05 
Error 12 2.85x10 7 2.38x10 6 
Total 17 3.82x10 8 
L.S.D. 5% = 274.5x10 1 
Table 2.5.8. Two-Way Analysis of Variance summary Table 
for the Specific Activity of Capsaicinoids (Data 
Presented on a per Fruit Basis). 
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Source d.f. 	SS MS P 	p 
Vanillin 1 	8.53x10 5 8.53x10 5 0.89 N.S. 
Age 2 9.37x10 7 4.69x10 7 48.96 p<0.01 
Interaction 	2 	2.95x106  1.48x10 6 1.54 N.S. 
Error 12 1.15x10 7 9.58x10 5 
Total 17 	1.09x10 8 
L.S.D. 	5% = 174.1xl0 1 
Table 2.5.9. Two-Way Analysis of Variance Summary Table 
for 	the Specific 	Activity of Capsaicinoids (Data 
Presented on a per g.f.wt Basis). 
Chilli fruits are highly variable. Care was taken to 
select fruits with outwardly similar growth but it must 
be remembered when considering the results that only 
three replicates were used in this experiment. 
From the data obtained it cannot be concluded, with 
certainty, that vanillin is a precursor of capsaicin. 
However, it does appear that vanillin has some effect on 
the incorporation of [ 14C]phenylalanine into the 
capsaicinoids. In attempts to further characterize this 
effect in the next section, vanillin was fed to fruits at 
a range of levels using the same basic experimental 
design as in 3.5.1. 
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3.5.2 The Effect of Vanillin Concentration on the 
Incorporation of [ 14C]Phenylalanine into Certain Primary 
and Secondary Metabolites in C. frutescens Fruits. 
In 3.5.1., it appeared that vanillin had an effect 
on capsaicin synthesis when it was injected into the 
loculi of pepper fruits. On the addition of vanillin 
there was a reduction in [ 14C]phenylalanine incorporation 
into capsaicinoids in 25d. fruits (as determined by HPLC) 
and a reduction in the specific activity of capsaicin in 
35d. fruits when data were presented on a per fruit 
basis. These effects could be due to the general toxicity 
of vanillin rather than more specific effects on 
metabolism. 
The aim of this section was to determine if the 
added vanillin had been toxic to fruits and if so whether 
this toxicity could be removed by employing a lower range 
of concentrations, closer to endogenous levels. In this 
experiment the amount of [ 14C]phenylalanine incorporated 
into the organic and aqeuous phase of the MeOH extracted 
cell tissue, the organic and aqueous phase of the 
saponified cell wall tissue, protein, 'lignin-like' 
material and capsaicinoid fractions were studied to 
observe the effect of vanillin on the metabolism of 
fruits. 
Plants of C. frutescens were cultivated in a growth 
room and flowers tagged at anthesis as described in 2.1. 
Vanillin solutions were prepared (in distilled H20) so 
that SOpl of each gave a final vanillin amount of 0.76, 
3.8, 15.2, 38.1, 76.2 and 250j1g. A premixed solution of 
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1.51iCi of [ 14 C]phenylalanine and 50111 of the appropriate 
vanillin solution was injected directly into the loculus 
of each attached pepper fruit. A control of 
[ 14C]phenylalanine (1.5pCi) and 501.11 of distilled H20 was 
also used. Three replicates were used for each treatment 
giving a total of 21 fruits. Harvesting took place after 
24h. 
Phenolics were extracted from fruits by thoroughly 
grinding in MeOH, resuspending in water and partitioning 
with Et20:EtOAc as described in 2.6.2. The cell residue 
remaining after MeOH extraction was saponified with 0.1M 
NaOH and partitioned as described in 2.6.2. soluble 
protein was precipitated from a 2m1 aliquot of this 
extract and resuspended in NaOH (see 2.6.3). Lignin was 
solubilized with acetylbromide as described in 2.6.3. 
(See Fig. 2.6.1 for a summary of these extraction 
procedures) . All fractions were analysed for their 
radioactive content by liquid scintillation counting (see 
2.7.3). 
Further analysis of the organic phase of the NeON 
extract was carried out by HPLC analysis as described in 
2.7.2). Column effluent was collected over 1mm. 
intervals and subjected to liquid scintillation counting 
to give an estimate of the radioactive content of 
capsaicinoids. Capsaicinoid content of fruits was 
estimated by comparing peak areas obtained by HPLC with 
those of standard compounds. 
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3.5.2.1. 	Changes in the Radioactivity Associated with 
the MeOH Extract of Fruits. 
Fig. 3.5.5 shows the changes in the amounts of 
radioactivity recovered from the aqueous phase of the 
MeCH extract of fruits with increasing vanillin 
concentration. The amount of radioactivity recovered 
ranges from a minimum of 0.091.zCi in the control to a 
maximum of 0.18IlCi at 15.2pg of added vanillin. There 
appears to be an increase in the radioactivity present in 
this fraction over the control at higher vanillin levels, 
i.e. 15.2 to 76.2pg and 250pg of vanillin. 
Fig. 3.5.6 shows the changes in the radioactivity in 
the organic phase of the MeOH extract. The radioactivity 
present in this fraction is increased over the control 
when 0.76pg of vanillin is added. At higher levels of 
vanillin there is no difference from the control. 
3.5.2.2. Changes in the Levels and Radioactive Content 
of Capsaicinoids. 
The organic phase of the MeOH extract was further 
analysed for capsaicinoid content by HPLC as described 
previously. As in 3.5.1 no vanillin was detected in this 
fraction after 24h. in any of the treatments. 
Fig. 3.5.7 shows the mean levels of capsaicinoids 
recovered from fruits with increasing vanillin 
concentration. None of the fluctuations in capsaicinoid 
level are different to the control as was concluded in 
3.5.1. Hence, it would appear that added vanillin is not 
depressing capsaicinoid accumulation and the observed 
differences are probably due to the natural variation 
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Fig 3.5.5. The Effect of Vanillin on the Incorporation 
of ( 14C]phenylalanine into the Aqueous Phase of C. 
frutescens Fruit Extract. 
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of [14C]phenylal.anine into the organic Phase of C. 
.frutescens Fruit Extract. 
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Fig 3.5.7. 	The Effect of Vanillin on the Amount of 
Capsaicinoids Produced in Fruits of C. frutescens. 
Points are the means of three replicates +1-  S.E. 
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between fruits. 
Fig. 3.5.8 shows the level of incorporation of 
[ 14C]phenylalanine into capsaicinoids after 24h. At 
0.76.ig of added vanillin there is an increase in the 
incorporation into capsaicinoids over the control. At 
higher levels of added vanillin the level of 
incorporation is the same as in the control. This is a 
similar pattern of incorporation as in the organic phase 
of the )IeOH extract. In contrast to the findings of 
3.5.1., there was no significant • decrease in the 
incorporation into capsaicinoids (with respect to the 
control fruits) when 250j.ig of vanillin was added. 
Fig. 3.5.9 shows the specific activity of 
capsaicinoids. At very low levels of vanillin (0.76pg) 
there is an increase in the incorporation into 
capsaicinoids over the control which falls back to the 
control level at higher amounts of added vanillin. At 
250pg of added vanillin there was no change in the 
incorporation in comparison to the control which is 
contrary to the findings of 3.5.1. From these data, it 
would appear that vanillin has little effect on 
capsaicinoid production except at 0.76g added vanillin 
where an increase in the incorporation and specific 
activity into capsaicinoids is found. 
3.5.2.3. changes in the Radioactivity Incorporated into 
the Saponified cell Wall Fraction of Fruits. 
After extraction with NaOH and partitioning the 
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Fig 3.5.8. The Effect of Vanillin on the Incorporation 
of[ 14C]phenylalanine into Capsaicinoids in C. frutescens 
Fruits. 
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Fig 3.5.9. 	The effect of Vanillin on the Specific 
Activity of Capsaicinoids in C. frutescens Fruits. 
Points are the means of three replicates +1- S.E. 
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obtained which contained any free phenolics. Fig. 3.5.10 
shows the changes in radioactivity associated with the 
organic phase of the cell wall. Very little 
radioactivity partitioned into this phase - a maximum of 
12.lxlC 3pCi at 76.2pg of added vanillin. There appears 
to be a trend of [ 14C]phenylalanine incorporation with 
increasing vanillin levels. At low levels of vanillin, 
0.76 and 3.8pg, there is no difference in incorporation 
over the control. The incorporation rises to a plateau at 
moderate amounts of vanillin i.e. 15.2 to 76.2pg and then 
falls back to the control level at 250pg of added 
vanillin. 
To determine if large amounts of free phenolics were 
released on saponification, the cell wall organic phase 
was analysed by HPLC as described in 2.7.2. A sample 
HPLC chromatogram is presented in Fig. 3.5.11. There was 
no qualitative or quantitative change in the compounds 
present at any of the vanillin levels studied. Small 
amounts of unknown compounds at Rt's of Ca. 2.4, 2.8, and 
24.9mins. were recovered from every extract. 
Fig. 3.5.12 shows the mean level of activity 
recovered from the aqueous phase of the cell wall. 
Amounts recovered range from a minimum value of 0.11iCi, 
in control fruits to a maximum of 0.23jiCi with the 
addition of 250pg of vanillin. There also appears to be a 
trend of increasing radioactivity recovered in the 
aqueous phase as the vanillin level is raised. However, 
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Pig.3.5.10. The Effect of vanillin on the Incorporation 
of [ 14C]phenylalanine Incorporated into the Organic Phase 
of the Cell Wall. 





Fig 3.5.11. A Sample HPLC Chromatogram of the Organic 
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Pig 3.5.12. The Effectof Vanillin on the Incorporation 
of [ 14C]phenylalanine into the Aqueous Phase of the Cell 
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is very large (denoted by large error bars) and hence 
only tentative conclusions can be drawn from these data. 
This fraction contains the soluble protein present in 
fruits which is examined in 3.5.2.4. 
3.5.2.4. 	Changes in the Radioactivity Associated with 
the Soluble Protein of Fruits. 
Fig 3.5.13 shows the changes in the radioactivity 
incorporated into the soluble protein of C. frutescens 
fruits. It shows an increasing trend of incorporation 
with increasing vanillin concentration which is similar 
to the trend shown in Fig. 3.5.12 A minimum 
incorporation occurs in control fruits (Ca. O.11!.tCi) 
rising to a maximum level of 0.28pCi at 76.2pg of added 
vanillin. As in Fig. 3.5.12 the variation between 
replicates is large, indicating that firm conclusions 
cannot be drawn. 
3.5.2.5. Changes in the Radioactivity Incorporated into 
the 'Lignin-Like' Material. 
Fig. 3.5.14 shows the changes in the radioactivity 
recovered from the 'lignin-like' material of fruits with 
increasing vanillin concentration. This shows a 
decreasing trend of incorporation into the 'lignin-like' 
material with increasing vanillin concentration. 
Incorporation falls from a maximum of 0.91pCi at 0.76pg 
of added vanillin, to a minimum of 0.48pCi at 250gig of 
added vanillin. Hence there is a decrease in the 
incorporation into the 'lignin-like' material of ca. half 
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Fig 3.5.13. The Effect of Vanillin on the Incorporation 
of [ 14C]phenylalanine into Protein. 
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Fig 3.5.14. The Effect of Vanillin on the Incorporation 
of ( 14C]phenylalanine into 'Lignin-Like' Material. 
Points are the means of three replicates +/- S.E. 
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to 25Oig. 
The incorporation of [ 14C]phenylalanine into protein 
and 'lignin-like' material with increasing levels of 
vanillin show opposite trends. In protein there is an 
increasing trend with increasing vanillin levels and in 
the 'lignin-like' material there is a decreasing trend 
with increasing vanillin levels. Vanillin could be acting 
as a precursor to lignin thereby reducing the amount of 
( 14C)phenylalanine incorporated into lignin by a dilution 
effect. This would leave more [ 14C]phenylalanine 
available for protein synthesis. 
From 3.5 it cannot be concluded that vanillin is a 
precursor to capsaicin as the results obtained from 3.5.1 
and 3.5.2 are not reproducible, i.e. feeding 250pg of 
vanillin to fruits does not always cause a decrease in 
the incorporation of [ 14C]phenylalanine into the 
capsaicinoid fraction. 
This is possibly because chilli fruits are highly 
variable and the changes in incorporation are likely to 
be small, possibly too small to be detected by the 
methods used. However, fruits used in this study showed 
the ability to routinely metabolize 250ig of added 
vanillin. In the next part, 3.6, the metabolism of added 
vanillin by fruits, over a timecourse, was studied. There 
may be transient metabolites of vanillin produced that 
may not be present after 24h. but which may provide clues 
to the ultimate fate of vanillin in fruits of C. 
.Crutescens. 
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Summary of 3.5 
The following points have emerged from the 
experiments detailed in this part:- 
No vanillin was recovered from fruits in any of the 
treatments studied after feeding for 24h. 
Vanillyl alcohol and a peak tentatively identified as 
a vanillic acid glycoside were produced in 9d. fruits 
which had been fed with vanillin for 24h. 
High levels of vanillin increased the incorporation 
of [ 14 C]phenylalanine into the aqueous phase of the MeOH 
extract. 
Vanillin (15.2 to 76.2pg) appeared to stimulate the 
amount of radioactivity recovered from the organic phase 
of the cell wall. 
A low level of vanillin (0.761g) increased the 
incorporation of [ 14C]phenylalanine into the organic 
phase of the MeOH extract and capsaicinoid fractiOn. 
Increasing amounts of vanillin tended to decrease the 
amount of [ 14C]phenylalanine 	incorporated into the 
'lignin-like' material possibly due to the dilution of 
the metabolic pool providing precursors to lignin. There 
was a corresponding increasing trend in the incorporation 
of [ 14C]phenylalanine into protein with increasing levels 
of vanillin. 
No capsaicinoids or incorporation into capsaicinoids 
was detected in 9d. fruits. 
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8.) 	Vanillin 	(250pg) 	caused a decrease in the 
incorporation of [ 14C]phenylalanine into capsaicinoids in 
25d. fruits in 3.5.1 but not in 3.5.2. No decrease in the 
specific activity of capsaicinoids was detected in 25d. 
fruits in either 3.5.1 or 3.5.2. Therefore, it cannot be 
concluded from these results that vanillin is a precursor 
to capsaicin. 
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3.6 	THE METABOLISM OF ADDED VANILLIN IN FRUITS OF 
C.FRUTESCENS OVER A TIMECOURSE. 
In part 3.5, it was shown that of the 250pg of 
vanillin added to fruits, none could be detected after 
24h. No new or novel compounds were detected in 24 or 
34d. fruits supplied with vanillin in comparison to 
control fruits. However, two new compounds, vanillyl 
alcohol and a vanillic acid glycoside, were detected in 
8d. fruits supplied with vanillin. There was also some 
evidence from 3.5 that vanillin was acting as a precursor 
to 'lignin-like' material as feeding fruits with 
( 14C)phenylalanine and vanillin together caused a 
reduction in the incorporation of the radiolabel into 
'lignin-like' material, Clearly vanillin was having an 
effect on phenyipropanoid and phenolic metabolism but the 
nature of this effect was unclear. 
The aim of this part was to study the metabolism of 
250pg of vanillin over a timecourse. This could lead to 
detection of compounds arising from vanillin which are 
transient and have disappeared after 24h., thus 
providing clues to the fate of vanillin. 
Plants of C.frutescens were cultivated in a growth 
room under the conditions described in 2.1. and flowers 
tagged at anthesis. Unlabelled vanillin was supplied as 
250pg in a SOpl solution of distilled H20 to 24d. old 
fruits as described in 2.4. Fruits were harvested at 0, 
1, 3, 6 and 24h. after feeding vanillin. There were 
three replicates for each treatment giving a total of 15 
fruits. Fruits were extracted in MeOH and partitioned in 
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Et20:EtOAc (see 2.6.2) to produce an organic and aqueous 
phase from the MeOl-! extract. Both these fractions were 
analysed for their phenolic content by HPLC (see 2.7.2). 
When phenolics were identified and quantities of 
standards were available, compounds were quantified by 
the production of standard curves as described in 
2.7.2.2. 
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3.6.1 compounds Present in the organic Phase over the 
Timecourse. 
HPLC analysis of the organic phase of the Meal-I 
extract was used to establish the amounts of free 
phenolics present. Sample HPLC chromatograms of organic 
phase extracts of fruits fed for each time period are 
shown in Fig. 3.6.1. The identity of the compounds where 
known is marked. From Fig. 3.6.1 it can be seen that 
capsaicin and dihydrocapsaicin are present in every case 
(peaks at 23.4 and 24.5mm. respectively). There is also 
an unknown capsaicinoid present at 23.2mm. Vanillin (Rt 
11.7mm) was found to be present in large quantities 0, 
1, 3 and 6h. after feeding but was virtually undetectable 
in extracts 24h. after it was supplied to fruits. 
In extracts of fruits 1, 3 and 6h. after feeding an 
additional compound appeared (Rt 5.9mm). The Rt and 
U.V. spectrum of this compound were consistent with that 
of vanillyl alcohol and adulterating the extracts with an 
authentic standard confirmed this. 
Levels of vanillin and vanillyl alcohol were 
quantified and changes to the amounts of these compounds 
with time are shown in Fig. 3.6.2 and 3.6.3 respectively. 
From Fig. 3.6.2 it can be seen that the amount of 
vanillin decreased sharply with time. Initially 195ig of 
vanillin was recovered from the original 250pg supplied 
to fruits. The amount of vanillin recovered decreased 
rapidly with time and at 6h. only 40.3pg of vanillin was 
detected. After 24h. only a trace amount of vanillin was 
present in the organic phase. 
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Fig. 3.6.1. Sample HPLC Chromatograms of Organic Phase 
Extracts of Fruits Supplied with Vanillin for 0, 1, 3, 6 
and 24h. 
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Fig. 3.6.2. changes in the amount of Added Vanillin 
(250pg) Recovered from Fruits with Time. 
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Fig. 3.6.3. Changes in the Amount of Vanhllyl Alcohol 
Recovered from Fruits fed with 250ig of Vanillin, with 
Time. 
Points are the mean of three replicates +/-S.E. 
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From Fig. 3.6.3 it can be seen that at Oh. there is 
no vanillyl alcohol present. The amount rises sharply 
until 3h. From 3-6h. there is no increase, the maximum 
level of 53.7pg was reached between 3 to 6h. At 24h. no 
vanillyl alcohol was detected. 
3.6.2 	Compounds Detected in the Aqueous Phase over the 
Timecourse. 	 - 
HPLC analysis of the aqueous phase of the MeOH 
extract of fruits was used to identify the phenolic 
conjugates present. Sample chromatograms of aqueous 
phase extracts of fruits at each time point are shown in 
Fig. 3.6.4. The identity of compounds, where known is 
denoted. From Fig. 3.6.4 it can be seen that three 
compounds have been given tentative identifications. A 
vanillic acid glycoside (Rt 5.1mm.) and 3,4 
dimethoxycinnamoyl glycoside (Rt 10.0mm.) were 
identified by their characteristic U.V. spectrum and Rt 
(Sukrasno, 1991). A vanillin glycoside 
(-d-glucosidovanillin) was prepared and authenticated 
for use as a standard according to the method described 
in 2.5.2 and used in the identification of the unknown 
peak at Rt 6.6mm. by HPLC analysis. Both the standar 
and the unknown peak were shown to have a similar Rt and 
U.V. spectrum. Adulterating the sample with the standard 
showed them to have identical Rt's. Hence the peak at 
6.6mm. was tentatively identified as the vanillin 
glycoside, -d-glucosidovanillin. 











91= a vanitlic acid glycoside 
92 a vanillin glycoside 
TI M[(min.) 
Pig. 3.6.4. Sample RPLC Chromatograms of Aqueous Phase 
Extracts of Fruits Supplied with Vanillin for 0, 1, 3, 6 
and 24h. 
The identity of compounds where known is shown. 
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quite variable and hence conclusions about changes in 
their levels could not be made. However, vanillin 
glycoside, which was not present endogenously in fruits, 
appeared lh. after feeding fruits with vanillin and could 
still be detected after 24h. 
The mean relative absorbance (at 280nm) of vanillin 
glycoside was measured with time and is shown in Fig. 
3.6.5. From Fig. 3.6.5 it can be seen that vanillin 
glycoside levels rose rapidly until 3h. when a maximum 
A280nm of 13.6x10-5 was reached. 	This level was 
maintained until 6h. 	Thereafter there was a sharp 
decrease in its level when a mean A280nm of 3.5x10 5 was 
attained. 
From 3.5 and 3.6 it was concluded that fruits could 
almost completely metabolize 250.ig of added vanillin in 
24h. In 3.6, vanillyl alcohol and a vanillin glycoside 
were found to accumulate over the timecourse and these 
are likely metabolites of the added vanillin. However, it 
cannot be concluded from 3.5 or 3.6 that vanillin is a 
precursor to capsaicin in fruits and it was for this 
reason it was decided to use vanillin labelled with 
deuterium. In the final part of this chapter, 3.7, the 
fate of added [5-2H]vanillin was followed in fruits of C. 
frutescens in an attempt to finally determine if vanillin 
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Fig. 3.6.5. Changes in the Amount of Vanillin Glycoside 
Recovered from Fruits fed 250pg of Vanillin, with Time. 
Points are the mean of three replicates +1 - S.E. 
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Summary of 3.6. 
The following points have emerged from the 
experiments detailed in this part:- 
only trace amounts of vanillin were recovered from 
24d. fruits fed with 250pg of vanillin for 24h. 
Vanillyl alcohol was detected lh. after feeding 250pg 
of vanillin. It rose to a maximum level at 3-6h. By 24h. 
it had completely disappeared. 
Vanillin glycoside was detected lh. after feeding 
with 250pg of vanillin. A maximum level was reached 3h. 
after feeding commenced and was maintained until 6h. By 
24h. the level had dropped to Ca. 25% of its maximum. 
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37. DETERMINATION OF THE FATE OF [5-2H]VANILLIN ADDED 
TO FRUITS OF C. FRUTESCENS. 
In part 3.5. the effect of vanillin on the 
incorporation of [ 14C]phenylalanine into capsaicin was 
investigated. It appeared from these experiments that 
vanillin altered the balance between the incorporation of 
[ 14C]phenylalanine into protein and 'lignin-like' 
material. There was a reduction in the incorporation of 
[ 14 C]phenylalanine into 'lignin-like' material with a 
corresponding increase in the incorporation into protein, 
with increasing vanillin concentration. Hence, it is 
possible that vanillin was acting as a precursor to 
'lignin-like' material and hence reducing the amount of 
[ 14C]phenylalanine incorporated into 'lignin' by dilution 
thus allowing more [ 14C]phenylalanine to be channelled 
into protein synthesis. 
There was also some evidence of a reduction in the 
incorporation of [ 14C]phenylalanine into capsaicinoids in 
the presence of vanillin which would imply vanillin has a 
role as a precursor to capsaicin synthesis. However, this 
conclusion is only tentative as the results could not be 
repeated and no reduction in the specific activity of 
capsaicinoids was found on the addition of vanillin to 
25d. fruits, possibly due the variability of chilli 
pepper fruits. 
In 3.6 the metabolism of vanillin by fruits with 
time was studied. As vanillin levels decreased vanillyl 
alcohol and a vanillin glycoside appeared suggesting that 
they are metabolites formed from the added vanillin. 
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From these results (3.5 and 3.6) it was concluded that 
added vanillin was entering the appropriate metabolic 
pools resulting in some effect on phenyipropanoid and 
phenolic metabolism. 
In this part a more direct approach was used in 
which deuterium labelled vanillin was fed to fruits and 
the fate of this stable label followed using 2H nmr. 
This is a relatively new technique and although of high 
sensitivity it is not as sensitive as radiolabelling. 
However, it does show the position of the labelled atom 
within compounds. Therefore any capsaicinoid which has 
been synthesized directly from [5- 2H]vanillin will also 
be labelled at the 5-H position and this will be detected 
using 211 nmr. By following the fate of [5- 2H]vanillin it 
should be possible to determine if vanillin is a 
precursor of capsaicinoids in C. frutescens fruits. A 
brief explanation of the theoretical basis of nmr is 
given in Appendix A. 
Tritiated vanillin was not used in experiments 
detailed in this part as tritiated water 1120 would have 
been used for the exchange labelling of vanillin (see 
2.5.1). Tritiated 1120 is very labile and hence extremely 
hazardous. Specialized equipment is needed for the safe 
handling of tritiated 1120 and these were not available. 
Hence deuterated vanillin produced by exchange labelling 
with deuterated water (see 2.5.1), was used for 
experiments detailed in this part. 
Due to the lower sensitivity of the detection method 
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compared to liquid scintillation counting, the aim of the 
experimental design was to supply fruits with as much 
[5-2H]vanillin as possible without causing excessive 
damage to fruits. Two alternative strategies were used 
to achieve this. In part 3.7.1, a 10mM solution of 
[5-2H]vanillin was supplied to fruits twice daily for 
lid. In part 3.7.2 a range of vanillin concentrations 
was fed to fruits in one dose. Hopefully one 
concentration would be high enough to be detected by nmr 
but low enough to be non-toxic to fruits. 
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3.7.1. A Study of the Incorporation of [5-2H]Vanillin 
into Capsaicinoids in C.frutescens fruits. 
Plants of C. frutescens were cultivated in a growth 
room and flowers tagged at anthesis as described in 2.1. 
[5- 2H]Vanillin was synthesized as set out in 2.5.1. 
Feeding of vanillin commenced when fruits were 19d. from 
anthesis and continued until fruits were 30d. from 
anthesis; a total of lid, during which the majority of 
the capsaicin is accumulated. Vanillin was supplied as a 
10mM solution in distilled H20 as described in 2.4. 
Fruits were fed twice daily and were supplied with the 
maximum amount that each fruit could hold and the volume 
recorded. Two treatments were used; unlabelled and 
[5-2H]vanillin, with nine fruits for each treatment, 
giving a total of 18 fruits. Fruits from each treatment 
were bulked for extraction. Some fruits abscissed during 
the prolonged feeding period and these were frozen at 
-20 0C until extracted. The total amount of vanillin 
added to fruits was calculated for each treatment. 
Fruits were processed as described in 2.6.2. with 
slight modification. After extraction with MeOH the 
residue was boiled in CHC13 to extract any remaining 
capsaicinoids. The extracts were then pooled, dried, 
resuspended in water and partitioned in Et20:EtOAc (1:1) 
as described in 2.6.2. Capsaicin was separated from 
other phenolics using preparative TLC (see 2.7.1.1). The 
position of capsaicin was determined by staining the edge 
of each plate with ferric chloride\potassium ferricyanide 
as described in 2.7.1.2. and following the band across 
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the plate under U.V. light. 	The capsaicin was eluted 
from the silica with MeOH and dried under a stream of 
nitrogen. Standard capsaicin (from Sigma) and the 
extracts from the two treatments were subjected to 'H nmr 
and 211 nmr as described in parts 2.7.4.1. and 2.7.4.2. 
respectively. The amounts of vanillin added in each 
treatment were 29.4mg of unlabelled vanillin and 25.4mg 
of [5-2H]vanillin. 
3.7.1.1. 	Analysis of the Capsaicinoid Extracts by 'H 
nmr. 
IH nmr was used to confirm the identity of capsaicin 
in the fruit extracts. Firstly, a standard sample of 
capsaicin was analysed. The resulting peaks (chemical 
shifts of hydrogen atoms from ThIS in ppm) were identified 
as the hydrogen atoms in capsaicin (Abraham and Loftus, 
1978). These are shown below in Fig. 3.7.1 and in the 
spectrum of standard capsaicin presented in Fig. 3.7.2. 
8469ppm 8197pprn 8465ppm 
S=43bppm /NH 11 612CH2 CH2 
	













Fig. 3.7.1. The Chemical Structure of Capsaicin showing 
the Assignment of Hydrogen Atoms to the Chemical Shift 
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Fig. 3.7.2. The 1H nmr of Standard Capsaicin. 
Peaks represent the chemical shifts of protons from TMS 
in ppm and integrals of peaks are shown. 
Fig. 3.7.3 and 3.7.4 show the 'H nmr of putative 
capsaicin extracted from fruits fed with unlabelled and 
[5-2H]vanillin respectively. 
In both cases there is a similar pattern in the 
chemical shifts (8) from TMS. There is an additional 
peak at 2.10ppm in both extracts. In the extract from 
fruits fed with [5- 2H]vanillin there is an extra peak at 
5=3.5. These peaks are due to remaining traces of some of 
the solvents used in the extraction and purification of 
capsaicin. The peak at 5=7.26 is due to residual CHC13 in 
CDC13, which was used to dissolve capsaicin for 1H nmr. 
As can be seen from Figs. 3.7.2, 3.7.3, and 3.7.4 the 
intensities of the peaks due to the hydrogen atoms in the 
capsaicin, relative to the peak due to the hydrogen atom 
in residual CHC13, are smaller in the extracts of 
capsaicin compared to the standard capsaicin sample. As 
a standard volume of CDC13 was used in each case, the 
differences in peak intensities can be used to calculate 
the amount of capsaicin present in the extracts as 
follows: - 
In the standard spectrum (Fig.3.7.2) containing 
10.5mg of capsaicin, the hydrogen atom of CHC13 has an 
area of 0.507 relative to the three aromatic protons in 
capsaicin (peaks 5=6.808-6.877ppm.) In the spectrum of 
the pepper extract fed unlabelled vanillin, Fig. 3.7.3, 
the intensity is 4.284 relative to the three aromatic 
protons in capsaicin. 
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Pig. 3.7.3. the 1ii nmr of capsaicin Extracted from C. 
frutescens fruits fed unlabelled vanillin. 
Peaks represent the chemical shifts of protons from ThIS 
in ppm and integrals of peaks are shown. 
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Fig. 3.7.4. The 1H nmr of Capsaicin Extracted from C. 
frutescens fruits fed [5- 2H]vanillin. 
Peaks represent the chemical shifts of protons from TMS 
in ppm and integrals of peaks are shown. 
Hence the amount of capsaicin= 
(10.5x0.507)/4.284 = 1.2mg 
For 	capsaicin 	extracted 	from 	fruits 	fed 
[5- 2H]vanillin a similar calculation shows that there is 
0.79mg of capsaicin present. The 'H nmr also gives an 
indication of the deuterium content of the capsaicin 
extracted from fruits fed [5- 2H]vanillin. Fig. 3.7.5 
shows the expanded integrals of the aromatic region of 
the proton spectrum. This shows the resonance of the 
three aromatic hydrogens of capsaicin in the ratio of 
1:1:1 which indicates that there is no deuterium present 
in the sample. However, for low levels of incorporation 
this is an insensitive measure and hence 2H nmr was used 
to analyse the extracts further. 
3.7.1.2. 	Analysis of the Capsaicinoid Extracts by 2H 
nmr. 
The deuterium content of capsaicinoids extracted 
from fruits fed [5- 2H]vanillin was estimated by 2H mar. 
If there was incorporation into capsaicin a peak would be 
expected at 5=6.8 as the chemical •shifts of deuterium in 
a 2H nmr spectrum are numerically the same as those of 
the corresponding protons in a 1H nmr spectrum, when the 
ppm scale is used. Fig. 3.7.6 shows the spectrum for the 
aforementioned extract and there is no peak at 5=6.8 
indicating no incorporation of the deuterium into 
capsaicinoids. Fig. 3.7.6 shows four other peaks. These 
correspond to the naturally occurring CDC13 in the 
solvent CHC13 at 8=7.25ppm, the two side bands to this 
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Fig. 3.7.5. The tJj  nntr of Capsaicin Extracted from C. 
.frutescens fruits fed [5- 2H]vanillin — the Expanded 
Aromatic Region. 
Peaks represent the chemical shifts of protons from TMS 
in ppm and integrals of peaks are shown. 
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Pig. 3.7.6. The 2ii nmr of Capsaicin Extracted from C. 
.trutescens fruits fed [5- 2H]vanillin. 
Peaks represent the chemical shifts of protons from TNS 
in ppm. 
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peak which are due to 13CDC13; and naturally ourring 
deuterium in water which is the peak at 8=2.6ppm (the 
Cl-IC13 was not dried and contained a small quantity of 
water). 
The two side bands due to the 13CDC13 are easily 
discernible as peaks. These can be used to give an 
estimation of the amount of deuterium detectable by 2H 
nmr as follows:- 
The natural abundance of 2j-i and 13C are 0.0156% and 
1.1% respectively (Martin and Martin, 1990). Hence, the 
number of moles of hydrogen atoms causing one of the 
small side bands is calculated as follows:- 
= 0.4x1.5(1/119.5)g 
= 5.02x10 -39 
where: - 
0.4 = volume of CHC13 sample dissolved in 
1.5 = density of CHC13 
1 = weight of a hydrogen atom 
119.5 = molecular weight of CHC13 
As lmole of hydrogen atoms = lg, the number of moles of 
hydrogen in 5.02fl0 3g = 5.02x10 3 . 
Of this the number of moles due to deuterium with 13C is 
5.02x10 3 x (0.0156/100) x (0.55/100) 
4. 3OxlC9moles 
where: - 
0.0156 = % of naturally occurring 2H 
0.55 = half the % of the natural occurrence of 
13 C. 
This is about the limit of detection of deuterium 
under the conditions used. The extract of fruits supplied 
with [5- 2H]vanillin contained 0.75mg of capsaicinoids. 
At 100% incorporation of the label into capsaicinoids the 
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weight of deuterium in the sample would be:- 
= (2/306)xO.75 = 5xlO 3mg 
As lmole of deuterium atoms is 2g, the number of moles of 
deuterium in the sample would be:- 
= (5x10 6 /2) = 2.5xlO 6moles 
This would be easily detectable by 2H nmr. Indeed, a 
level of incorporation of 0.1% would be detectable. It 
was concluded that no [5- 2H]vanillin was incorporated 
into capsaicinoids under the conditions of the 
experiment. However, the repeated feeding of fruits with 
vanillin caused some fruits to abscise. Also the total 
amount of capsaicinoids extracted from fruits was much 
lower than expected for fruits of this age suggesting 
that capsaicin biosynthesis may have been disturbed by 
repeatedly supplying vanillin to fruits. From previous 
experiments with unlabelled vanillin and radiolabelled 
phenylalanine, single dose feeding of 250pg of vanillin 
seemed to have less of a deleterious effect on fruit 
metabolism than repeated feeding of fruits. Hence, in 
the next experiment, [5- 2H]vanillin was fed to fruits in 
a single dose. 
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3.7.2. The Distribution of Added [5- 2H]Vanillin in Cell 
Fractions of C. frutescens Fruits. 
In 3.7.1 it was shown that there was no detectable 
incorporation of [5- 2H]vanillin into capsaicinoids fed to 
C. .t'rutescens fruits. However, the 30d. fruits in that 
experiment did not produce as much capsaicin as expected 
for fruits of that age. Therefore, it is possible that 
the repeated feeding of vanillin perturbed fruit 
metabolism. In this section vanillin was supplied to 
fruits in a single dose adopting the experimental design 
used in 3.5 as this appears to have a lesser effect on 
the fruits. From 3.7.1, it was concluded that a level of 
ca. 4xlO 9moles of deuterium could be detected. However, 
it was not known what percentage of added vanillin, if 
any, would be incorporated into capsaicinoids. Hence, it 
was decided to feed [5- 2H]vanillin at a range of 
concentrations to increase the chances of detection. In 
3.6, vanillyl alcohol and a vanillin glycoside were 
accumulated on the addition of vanillin. However, these 
compounds disappeared after 24h. and no new compounds 
were detected. Hence, the ultimate fate of the added 
vanillin is still unknown. Hence fruits were fractionated 
to try to determine the ultimate fate of the added 
vanillin. The fractions were: the organic and aqueous 
phase of the crude, MeOH extract, the saponified cell 
wall fraction and the 'lignin' residue. 
Plants of C. frutescens were cultivated in a growth 
room and flowers tagged at anthesis as described in 2.1. 
At 24d. after anthesis they were supplied with either 10, 
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25, 50, 250pg or 1mg of [5- 211]vanillin. 	vanillin was 
dissolved in 5% (v/v) EtCH in H20 and injected directly 
into the loculi of attached pepper fruits as described in 
2.4. Five fruits were used for each concentration giving 
a total of 25. Fruits were harvested after 24h. and 
extracted by grinding in MeOH and then partitioned into 
Et20:EtOAc (see 2.6.2). Both the organic and aqueous 
phases were retained. The cell residue remaining after 
MeOH extraction was saponified with 0.114 NaOH, filtered 
(see 2.6.2.) and neutralized with concentrated HCl. All 
three fractions (organic, aqueous and saponified cell 
wall) were freeze dried as described in 2.7.4.2. The 
'lignin' residue was dried overnight at 60 0C and 
retained. These fractions were then analysed by nmr (see 
2.7.4). 'H nmr was used to confirm the identity of 
certain phenolics and 2H nmr was used to quantify the 
deuterium content of cell fractions (see 2.7.4.1 and 
2.7.4.2 respectively). 
Those fractions found to contain deuterium were 
further fractionated. Capsaicin and vanillin were 
separated from the organic phase of the MeOH extract by 
1-U TLC using the first dimension solvents (see 2.7.1.1). 
The aqueous phase was further fractionated using 
solid-phase extraction cartridges as described in 2.6.5. 
These fractions were then analysed for deuterium content 
by 2H nmr. Integrals of peaks were measured prior to the 
reduction of the spectrum. 
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3.7.2.1. 	Distribution of the Deuterium Label in the 
Organic Extract of Fruits. 
The presence or absence of deuterium in the organic 
phase extracts was confirmed by 2H nmr. Initially the 
Et20:EtOAc fraction, which contained free phenolics, was 
studied. Figs. 3.7.7, 3.7.8, 3.7.9 and 3.7.10 show the 
nmr spectra for fruits fed lOjig, 50pg, 250pg and 1mg 
of [5-2H]vanillin respectively. The spectra show the 
chemical shift from TMS of deuterium atoms and integrals 
of peaks are shown. All four spectra show a peak at 
6=7.27ppm corresponding to naturally occurring CDC13 in 
CHC13 which was the solvent used to dissolve the 
extracts. 	Fig. 3.7.10 shows the organic extract for 
fruits fed 1mg of [5- 2H]vanillin. 	In addition to the 
sharp peak at 6=7.27ppm there is a broad peak at Ca. 
7.01ppm with a shoulder at 6.8ppm. Figs. 3.7.11 and 
3.7.12 show the ljj  nmr for authentic vanillin and 
capsaicin respectively. The identity of the peaks are 
marked. In capsaicin, the 5-H atom has a chemical shift 
of ca. 6.8ppm whereas in vanillin it is ca. 7.1ppm. As 
these were close to the values of chemical shifts of 
deuterium atoms present in unknown compounds in Fig. 
3.7.10, it was decided to purify this extract to obtain 
separate fractions of vanillin and capsaicin. This was 
carried out by 1-D TLC. Bands corresponding to vanillin 
and capsaicin were scraped from the TLC plate and eluted 
with Et20. Both fraction were subjected to 1H nmr to 
confirm their identity. 
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Fig. 3.7.11. The 1H nmr of Standard, Unlabelled vanillin. 
Peaks represent the chemical shift of hydrogen atoms from 
TMS and integrals of peaks are shown. 
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Fig. 3.7.12. The 1H nmr of Standard Capsaicin. 
Peaks represent the chemical shift of hydrogen atoms from 
TMS and integrals of peaks are shown. 
2.7.2.1.1. 	Deuterium Content of the Purified Vanillin 
Fraction 
Fig 3.7.13 shows the 'H nmr for the purified 
vanillin fraction. The identity of the known compounds 
is shown. By comparing this spectrum with Fig. 3.7.11 
certain peaks can be identified. The aldehyde group is 
detected at 8=9.8ppm. The peaks due to the aromatic 
protons 2-H and 6-H can be seen (5=7.4-7.5ppiu). The 
methoxy group at 8=3.9ppm are also detected (Abraham and 
Loftus, 1978). Neither the hydroxy group nor the 5-H 
aromatic proton are detected which is possibly due to the 
small amount of vanillin present in the sample. Other 
peaks are also present in the extracted vanillin and some 
of these are due to the solvents used in extraction and 
purification, e.g. AcOH at 8=2.08ppm, MeOH at 6=3.49ppm 
and Et20 at 6=3.6ppm. There are some similarities 
between authentic vanillin and the extract and it was 
concluded that the extract contains vanillin. 
This vanillin fraction was analysed for deuterium 
content by 2H nmr and the spectrum is presented in Fig. 
3.7.14. Two peaks are observed, one at 6=7.27ppm due to 
naturally occurring CDC13 in CHC13, the solvent used for 
solubilization. The other peak at 8=7.09ppm has an almost 
identical chemical shift to the 5-H in the 1H nmr of 
authentic vanillin. Hence it was concluded that 
deuterium was present in the 5-H position of the 
extracted vanillin leading to the conclusion that there 
was unmetabolized [5-2H]vanillin remaining in the organic 
phase. 
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Fig. 3.7.13. The 1H nmr of Vanillin extracted from Fruits 
fed 1mg of (5- 2H)vanillin. 
Peaks represent the chemical shift of hydrogen atoms from 
TMS. The identity and integrals of peaks are shown. 
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Fig. 3.7.14. The 2H nmr of Vanillin extracted from Fruits 
fed 1mg of [5-2B]vanillin. 
Peaks represent the chemical shift of deuterium atoms 
from ThIS. The identity and integrals of peaks are shown. 
Integrals of peaks were measured prior to the reduction 
of the spectrum. 
The amount of deuterium in the vanillin (in moles) 
can be calculated from the integral heights of the peaks 
as follows:- 
The sample was dissolved in 0.4m1 CHC13 
The density of CHC13 is 1.492 
Hence the weight of CHC13 = 0.4x1.492 
= O.597g 
The weight of this CHC13 due to H atoms = (1/119.4)xO.597 
= 5.Ox10-3g = 5.Ox10-3moles 
where: - 
1 = molecular weight of a hydrogen atom 
119.4 = molecular weight of CHC13 
and imole of hydrogen atoms = ig 
As the natural abundance of deuterium = 156p pm 
The peak corresponding to CDC13 contains:- 
5.0xl0 3 x 156x10 
= 7.8x10-7moles of deuterium 
This number of moles of deuterium produces an integral 
height of 55mm. The vanillin peak has an integral height 
of 76mm. (These were measured prior to the reduction of 
the spectum.) 
This is equivalent to :- 
(76\55) x 7.BOx10 -7 
= 1.0exlc 6moles of deuterium. 
This entire calculation can be written algebraically as: 
(Iu.A.dn.vn) / (Mn.In) 
where: - 
Tu is the height of the solute integral trace 
A is the natural abundance of deuterium 
dn is the density of the solvent 
vn is the volume of the solvent 
Mn is the molecular weight of the solvent 
In is the height of the solvent integral trace 
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This equation was used to calculate the deuterium 
content of extracts in the rest of this section; 
calculations are not shown. 
The amount of deuterium added to fruits was:- 
(2/153) x 5mg 
= 6.54xlC5g of deuterium 
where: - 
2= molecular weight of [5-2H]vanillin due to deuterium 
153 = molecular weight of [5-2H]vanillin 
5mg = total weight of vanillin added to fruits 
As lmole of deuterium is 2g, then the number of moles of 
deuterium added was 3.27x10 5 . 
Hence the percentage of added [5- 2H]vanillin remaining 
after 24h. 
= (1.08x10 6 /3.27x10-5 ) x 100 
=3.3% 
2.7.2.1.2. Deuterium Content of the Purified Capsaicinoid 
Fraction. 
Fig. 3.7.15 shows the 1ii nmr for the purified 
capsaicinoid fraction. The identity of the peaks where 
known is shown. By comparison to Fig. 3.7.12, which 
shows the 'H nmr spectrum of standard capsaicin, all the 
peaks characteristic of capsaicin protons can be seen in 
Fig. 3.7.15. 
The aromatic protons 1-1-5, H-2 and H-6 are present at 
5=6.7 to 6.9ppm. The small peak at ca. 6=5.7ppm which is 
due to the hydroxy and N-H group can just be 
distinguished. The large peak at 5=3.87ppm, due to the 
methoxy group can also be seen. The peak at 6=4.3ppm is 
due to the CH2 group attached to the benzene ring. The 
peaks due to the protons on the hydrocarbon chain can 
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Fig. 3.7.15. The 1H nmr of Capsaicin extracted from 
Fruits fed 1mg of [5- 2H]vanillin. 
Peaks represent the chemical shift of hydrogen atoms from 
TMS. The identity and integrals of peaks are shown, 
also be distinguished. The complex of peaks at 5=5.3 is 
due to the protons associated with the conjugated 
carbons. There is a series of six peaks from 5=2.2 to 
0.9ppm which correspond to Cl-I (5=2.23ppm), CH2 
(6=2.20ppm), CH2 (5=1.97ppm), CH2 (8=1.65ppm), CH2 
(5=1.40ppm) and the two CH3 groups (5=0.95ppm) (Abraham 
and Loftus, 1978). 
In addition peaks thought to be due to the residue 
of solvents used in the extraction and purification of 
capsaicin are marked. Hence, there were enough 
similarities between authentic and extracted capsaicin to 
conclude that the purified fraction contained capsaicin. 
Fig. 3.7.16 shows the expanded aromatic region of 
the 1H nmr spectrum of the purified capsaicin extract. 
This shows three peaks (two are doublets.) Peaks at 
8=6.85ppm, 5=6.80ppm and 5=6.75ppm are due to H-S, H-2 
and H-6 respectively. These should be in the ratio of 
1:1:1 in unlabelled capsaicin as all three atoms are 
present in equal amounts. However, a ratio of 
0.96:1.00:1.00 is observed; the 5-H peak being reduced. 
This is an indication that some of the protons may be 
replaced with deuterium atoms in the 5-H position. To 
confirm this 2H nmr analysis was used. 
Fig. 3.7.17 shows the 2H nmr of the purified 
capsaicin fraction. Three peaks are discernible and are 
integrated. The largest, at 6=7.27ppm is due to 
naturally occurring CDC13 present in CHC13, which was the 
solvent used in the extract. The peaks at 6=6.9ppm and 
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Pig. 3.7.16. The Expanded Aromatic Region of the 1g rar 
of Capsaicin extracted from Fruits fed 1mg of 
[5-2 11]vanillin. 
Peaks represent the chemical shift of hydrogen atoms from 
TMS. The identity and integrals of peaks are shown. 
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Fig. 3.7.17 The 2H nmr of Capsaicin extracted from Fruits 
fed 1mg of [5- 2H]vanillin. 
Peaks represent the chemical shift of deuterium atoms 
from ThIS. The identity and integrals of peaks are shown. 
Integrals of peaks were measured prior to the reduction 
of the spectrum. 
6=7.1ppm are due to the deuterium present in the 5-H 
position of capsaicin and vanillin respectively. The 
sample was run for Ca. SOh. as the "signal to noise" 
ratio was very high and the spectrum is shown in Fig. 
3.7.18 Here due to reduced background noise the two 
small peaks due deuterium present in the 5-H position of 
capsaicin and vanillin are clearly discernible. 
From the integrals on Fig. 3.7.17 the amount of 
deuterium present in capsaicin can be estimated. 
Deuterium content of the peak corresponding to CDC13 
was calculated as for vanillin in 2.7.2.1.1 and was found 
to be 9.86xlC8moles of deuterium. Hence the percentage 
incorporation of [5-2H]vanillin into capsaicin after 24h. 
was 0.30% 
3.7.2.2. The Distribution of the Deuterium Label in the 
Aqueous Phase Extract of Fruits. 
The presence of deuterium in the aqueous phase was 
confirmed by 2H nmr. Initially the entire aqueous phase 
(for fruits fed 1mg of [5- 2H]vanillin) was studied and is 
shown in Fig. 6 .7.19. 
Three peaks are observed, one at 8=4.78ppm due to 
naturally occurring D20 in H20, which was used to 
solubilize the extract. The other major peak is very 
broad and is centred around 6=7.oppm. A very small peak 
at 6=3.6ppm is observed. 
The amount of deuterium (in moles) in the aqueous 
phase containing the H20 soluble phenolic derivatives 
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S 
shown in 2.7.2.1.1 (the sample was dissolved in 0.6ml of 
1120 and the density of water was assumed to be 1.0). The 
amount of deuterium present was calculated as 
3.93x10 6moles and the percentage incorporation of 
[5-2H]vanillin into the unknown phenolic derivatives was 
calculated as 12.0%. 
The aqueous phase was fractionated using Bond Elut 
cartridges according to the method described in 2.6.5. 
This yielded four fractions which were analysed by RPLC, 
chromatograms of which are presented in Fig. 3.7.20. 
From Fig. 3.7.20 it can be seen that the 
fractionation is crude. The fraction eluted with 100% 
H20 (fraction 1) contains a series of peaks with Rt ca. 
1.5-2.8min due to unknown compound(s). Ned, at 30%, 
(fraction 2) elutes a range of compounds with Rt of Ca. 
4.0-9.6mm. Peaks with Rt's of 5.40 and 6.50min were 
given tentative identifications of a vanillic acid 
glycoside and -d-g1ucosidovani1lin, a vanillin 
glycoside. The vanillic acid glycoside was identified 
from its characteristic U.V. spectrum and Rt (see 
Sukrasno, 1991). The vanillin glycoside was prepared for 
use as a standard according to the. method described in 
2.5.2. This was used in the identification of the peak 
at Rt 6.5mm, which was found to have the same Rt and 
U.V. spectrum as authentic vanillin glycoside. 
NeOH, at 50% (fraction 3) elutes mainly one peak at 
Rt 16.3min and a smaller peak at Rt 11.2mm. There were 
also small amounts of the peaks found in fraction 2 due 
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FRACTION 3 (50% MeOH) 	 FRACTION 4 (100% MeOH) 
TIME(min) 
d = 3,4-dimethoxycinnamoyl glycoside 
g1a vanillic acid glycoside 
92:a vanillin glycoside 
Fig. 3.7.20. HPLC Chromatograms of Fractions 1 to 4 of 
the Aqueous Phase. 
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to incomplete fractionation. 
The fraction eluted with 100% Me011 (fraction 4) 
contained one major peak at 10.8mm. which was 
tentatively identified as 3,4 dimethoxycinnamoyl 
glycoside (see sukrasno, 1991). 
The four fractions of the aqueous phase were 
analysed for their deuterium content by 2H nmr. The 
spectra for fractions 1 to 4 are presented in Figs. 
3.7.21, to 3.7.24 respectively. 
All four 2H nmr spectra show two peaks in common; 
one at ca. 8=1.9ppiu due to CH3CN which was added to 
samples as a reference. This peak has two small side 
bands in addition to the major peak. The other peak at 
6=4.85ppm is due to naturally occurring 020 in H20 which 
was the solvent used to solubilize the extracts. 
Fig. 3.7.21 presents the 2H nmr for fraction 1. 
This does not show any additional peaks to the two 
previously mentioned and hence it was concluded that 
there was no deuterium in this fraction. 
Fig. 3.7.22 shows the 2H nmr spectrum for fraction 
2. In addition to the two peaks already mentioned, there 
is a broad peak at 8=7.lppm and hence it was concluded 
that this fraction contained deuterium. Fig. 3.7.23 
shows the 2H nmr spectrum for fraction 3. This also has 
a peak at 8=7.lppm which is much smaller than that for 
fraction 2. similarly Fig. 3.7.24 presents the 2H nmr 
spectrum for fraction 4. This shows an even smaller peak 
at 6=7.1ppm, due to an even smaller amount of deuterium 
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Peaks represent the chemical shift of deuterium. atoms 
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in the sample. It was concluded that fractions 2, 3 and 
4 all contained deuterium. However, fraction 2 (eluted 
with 30% MeOH) contained the majority of the deuterium 
present in the original, unfractionated aqueous extract. 
The small amounts of deuterium present in fractions 
3 and 4 could be due to the same compounds in fraction 2. 
The HPLC chromatograms presented in Fig. 3.7.20 show that 
detectable quantities of compounds which elute 
predominantly in fraction 2 are also present in fraction 
3 (i.e. compounds with Rt's of Ca. 4.0, 5.4, 6.5, 7.8 and 
9.6mm.) Fraction 4 does not contain any of these 
compounds. However; they may be present in levels below 
the limit of detection. 
Fig. 3.7.25 shows the 1H nmr for fraction 2. 
Although this fraction contains several compounds certain 
peaks can still be identified, most obviously the 
hydrogen in the aldehyde group at 6=9.8ppm. By comparing 
Fig. 3.7.25 to the 1H nmr of the authentic vanillin 
glycoside, Fig. 2.5.6, the peaks at 8=3.2 to 4.Oppm can 
be interpreted as being due to the hydrogens on the 
glycoside and the peaks at 8=7.3 to 7.9ppm as being due 
to the hydrogens on the aromatic ring. With the evidence 
provided by HPLC it would seem almost certain that a 
vanillin glycoside is present in this fraction 2. It 
cannot be concluded that the deuterium in this fraction 
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from TMS and the identity and integrals of peaks are 
shown. 
3.7.2.3. Distribution of Deuterium in the Saponified Cell 
Wall Fraction of Fruits. 
The cell wall residue was further partitioned to 
give a saponified cell wall fraction and an insoluble 
'lignin' residue as described previously in 3.7.2. 
The saponified cell wall material (for fruits fed 
1mg of [5-2H]vanillin) was subjected to 2H nmr. No 
deuterium was detected (spectrum not presented). 
Due to technical difficulties in dissolving the 
'lignin-like' material, it was subjected to solid-state 
nmr but the resolution proved to be poor. Hence no data 
about the deuterium content were obtained for this 
fraction. 
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Summary of 3.7 
The following points have emerged from experiments 
detailed in this part:- 
1.,) It was estimated that Ca. 4x10-9moles of deuterium 
could be detected by deuterium nmr. 
Initial experiments failed to show the presence of 
deuterium in capsaicin. 
Using a range of added vanillin levels it was 
possible to detect deuterium in the organic phase extract 
of fruits fed 1mg of [5- 2H]vanillin. On purification of 
this phase to yield separate vanillin and capsaicinoid 
fractions, it was found that 3.3% of added vanillin 
remained after 24h. The incorporation of [5- 2H]vanillin 
into capsaicinoids was 0.3% after 24h. 
The aqueous phase of fruits fed 1mg of [5- 2H]vanillin 
also showed the presence of deuterium after 24h. A total 
of 12.0% of the deuterium added was present in this 
phase. 
After fractionation of the aqueous phase, the 
majority of the deuterium was present in the fraction 
which also contained compounds tentatively identified as 
a vanillic acid glycoside and vanillin glycoside 
(P -d-glucosidovanillin). 
The saponified cell wall fraction did not contain 
detectable levels of deuterium. 
5.) The fraction containing the 'lignin-like' material 






A major aim of the research group in this 
laboratory, studying secondary metabolism in plant cell 
cultures, is to induce cultures of C. frutescens to 
produce, on a regular basis, capsaicin in amounts 
comparable to those in the fruit (Yeoman et al., 1980). 
It has been shown that cell suspension cultures will 
release capsaicin into the culture medium, but only in 
very small quantities (Lindsey and Yeoman, 1984a). 
Various approaches have been used in attempts to increase 
the yield of capsaicin, including nutrient limitation and 
cell immobilization (Lindsey and Yeoman, 1984a; Lindsey, 
1985; Ravishanker et al., 1988), elicitation with fungal 
spores (Holden et al., 1988 a,b) and the feeding of 
precursors (Lindsey and Yeoman, 1984b). Used in 
combination, for example immobilization together with 
nutrient limitation and precursor feeding, these have 
been successful. However, it would seem clear that a more 
direct approach based on a detailed knowledge of the 
pathway leading to capsaicin could be more fruitful. 
Early attempts to establish the sequence of biochemical 
reactions leading to the formation of capsaicin have 
suggested the relatively simple pathway as shown in Fig. 
1.4.1 (Bennet and Kirby, 1968; Yeoman et al., 1980; Kopp 
et al., 1983; Suzuki and Iwai, 1984). However, such a 
simple view can be misleading as many of the 
intermediates involved in capsaicin synthesis are also 
involved in other aspects of metabolism e.g. protein and 
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lignin synthesis. Indeed many of the putative capsaicin 
precursors have naturally occurring conjugates (Sukrasno 
and Yeoman, 1993) and these are likely to be important 
biosynthetic intermediates in plants (Harborne and 
Corner, 1961). However, Sukrasno (1991) in a study of the 
role of these conjugates in capsaicin biosynthesis has 
shown that these compounds are unlikely to be precursors 
of capsaicin and that the pathway is more likely to 
proceed via free phenolics (Yeoman et al., 1980; Kopp et 
al., 1983; Hall et al., 1987; Hall and Yeoman, 1991; 
Sukrasno and Yeoman, 1993). Using radioactive precursors 
to capsaicin such as [ 14 C]phenylalanine and [ 14C]cinnamic 
acid it has been confirmed that the pathway proceeds as 
in Fig. 1.4.1 (Hall et al., 1987; Hall and Yeoman, 1991 
and Sukrasno 1991). However, it should be noted that 
Sukrasno (1991) failed to show the presence of label in 
vanillin or in vanillylamine when [ 14C]cinnamic acid was 
fed to fruits synthesising capsaicin (Sukrasno, 1991). 
Previously, Holland (1989) showed that [ 3H]vanillylamine 
was incorporated into capsaicin during capsaicin 
accumulation in fruits and confirmed the results of 
Fujiwake et al. (1980b), who showed that the final step 
in capsaicin synthesis was the condensation of 
vanillylamine and 8-methyl-6-nonenoic S-CoA. From these 
often conflicting results it would appear that our 
knowledge of this pathway is incomplete, in particular 
the reaction sequence from caffeic acid to vanillin, and 
hence the role of vanillin in capsaicin biosynthesis. 
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Indeed before the study described in this thesis there 
was no direct evidence that vanillin is a precursor to 
capsaicin. Accordingly the major focus of this study was 
to determine the effects of vanillin and its putative 
precursor, ferulic acid, on the phenylpropanoid 
metabolism of suspension cultures and fruits of C. 
frutescens and in particular to evaluate the role of 
vanillin in capsaicin biosynthesis. 
This discussion is divided into four parts. Part 
4.1 discusses the metabolism of ferulic acid by cultures. 
Part 4.2 considers the metabolism of vanillin by cultures 
and fruits and the effect of vanillin on the metabolism 
of fruits and cultures. Section 4.3 discusses the 
possible role of added vanillin in capsaicin biosynthesis 
and section 4.4 reviews and summarises the points brought 
out in the previous three parts. 
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4.1 THE METABOLISM OF FERULIC ACID BY CULTURES. 
Ferulic acid has been shown to be a precursor to the 
aromatic moiety of capsaicin in capsicum by Bennet and 
Kirby (1968) and has also been postulated as the 
precursor to vanillin in V. planifolia (Zenk 1965). It 
is a reasonable assumption, therefore, that vanillin is 
the link between ferulic acid and vanillylamine as 
proposed by Yeoman et al. (1980). 
It has been shown in this study that when ferulic 
acid was supplied to cultures of C. frutescens (3.2) no 
capsaicin or any of the proposed intermediates from 
ferulic acid to capsaicin were detected. However, caffeic 
acid, the proposed precursor to ferulic acid in capsaicin 
biosynthesis, was produced in cultures that had been 
supplied with ferulic acid. The accumulation of caffeic 
acid in cultures is now discussed in 4.1.1. 
4.1.1 The Accumulation of Caffeic Acid by Cultures. 
The caffeic acid produced after feeding ferulic acid 
could accumulate in three ways. Firstly, its level could 
rise following a perturbation of the phenylpropanoid 
pathway caused by the addition of ferulic acid. Secondly, 
added ferulic acid may alter the equilibrium of the 
conversion of caffeic to ferulic acid, which is one 
reaction in the biosynthetic pathway leading to 
capsaicin. Reactions exist in equilibrium and this 
equilibrium may be altered on the addition of the 
reaction product, i.e. ferulic acid. Thirdly, caffeic 
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acid could be produced directly from the added ferulic 
acid by a biotransformation (i.e. a back reaction from 
ferulic to caffeic acid as shown diagrammatically in Fig. 
4.1.1). Cultured plant cells are very adept at performing 
simple one or two step chemical reactions e.g. 
hydroxylations, methylations and demethylations, 
oxidations and reductions and glycosylations (Yeoman et 
al., 1990). These reactions are thought to be catalyzed 
by relatively unspecific enzymes present either on the 
cell surface or within the dell and such reactions are 








- Possible conversion 
---- -- 'Conversion which takes place in the 
capsaicin biosynthetic pathway 
Fig. 4.1.1. Proposed Metabolic Routes for Perulic Acid 
Added to Cultures. 
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Production of such large amounts of caffeic acid by 
perturbation of the phenylpropanoid pathway seems 
unlikely as it has been postulated that the intermediates 
leading to capsaicin are present in vanishingly small 
amounts in metabolic pools with a high rate of turnover 
(Hall et al., 1987; Holden et al., 1987; Hall and Yeoman, 
1991). Hence a build-up of such large amounts of caffeic 
acid would not be expected. If there is a restriction in 
the metabolic flux down the pathway from caffeic to 
ferulic acid higher levels of caffeic acid may 
accumulate. Indeed there is some evidence of a 
restriction in the metabolic flux from caffeic to ferulic 
acid. For example feeding [ 14C]phenylalanine to 
immobilized cultures of C. frutescens produced 
proportionally higher levels of incorporation into 
caffeic acid compared to other intermediates of the 
proposed capsaicin pathway (Hall et al., 1986). This fact 
together with the ability of added ferulic acid to 
enhance capsaicin production in certain culture strains 
of pepper (Lindsey, 1986a) suggests there may in certain 
instances be a restriction in the flux of compounds down 
the phenylpropanoid pathway from caffeic to ferulic acid. 
However, there is evidence from this study that 
suggests that caffeic acid is produced from ferulic acid 
by a biotransformation or by an alteration of the 
equilibrium of the reaction between caffeic and ferulic 
acid. Firstly, if the concentration of ferulic acid added 
to cells is increased (3.2.2) the amount of caffeic acid 
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produced also increases. Even at low concentrations of 
added ferulic acid unmetabolized ferulic acid was still 
present in the medium after 2h. A rise in the amount of 
caffeic acid concurrent with a rise in the level of added 
ferulic acid would be expected if the caffeic acid was 
produced from ferulic acid by a biotransformation or an 
alteration in the equilibrium of the conversion of 
caffeic to ferulic acid. However, if caffeic acid 
accumulated due to a perturbation of the pathway, the 
amount of ferulic acid added would not necessarily affect 
the level of caffeic acid accumulated given that ferulic 
acid was still present. Secondly, if the pathway was 
restricted at the conversion of caffeic to ferulic acid 
it might be expected that the total amount of caffeic and 
ferulic acid recovered (after losses due to extraction 
have been accounted for) to greatly exceed the amount of 
ferulic acid added, given the large amounts of caffeic 
acid accumulated. This was shown not to be the case 
(3.2.2.3). In some instances the combined amounts of 
caffeic and ferulic acid estimated to be present did 
exceed the amount of ferulic acid added but only by 
relatively small amounts. It is possible however, that 
some of the caffeic acid present after the addition of 
ferulic acid to cultures is due to a perturbation of the 
pathway concurrent with the metabolism of ferulic acid by 
other routes. However, the balance of evidence seems to 
favour a massive production of caffeic acid from ferulic 
acid either by a biotransformation or by a shift in the 
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equilibrium in the conversion of caffeic to ferulic acid. 
The production of caffeic acid from ferulic acid by 
an alteration in the equilibrium of the conversion of 
caffeic to ferulic acid also seems unlikely. Only low 
levels of ferulic acid were recovered from cells 
(supplied with upto 1mM solution of ferulic acid in the 
medium) after 24h. (see 3.2.2) which would require a 
massive shift in the equilibrium of the conversion of 
caffeic to ferulic acid. As already explained, plant 
cells in culture are very adept at performing simple, one 
step reactions and often produce the product in large 
quantities. For this reason it seems more likely that 
caffeic acid is produced from ferulic acid by a 
biotransformation (as shown diagrammatically in Fig. 
4.1.1) rather than by an alteration in the equilibrium of 
the conversion of caffeic acid to ferulic acid. However, 
it remains impossible to be sure. 
4.1.2 The Accumulation of Compound A by Cultures. 
Another metabolite produced after ferulic acid is 
added to cultures has been designated Compound A. This 
compound could be produced from either ferulic orcaffeic 
acid as shown in Fig. 4.1.1. The identity of Compound A 
is not clear but it has a similar U.V. spectrum to 
vanillin and protocatechuic aldehyde which are both 
aromatic aldehydes substituted at the 3 & 4 positions, 
suggesting it may have a similar structure to these 
aldehydes. It cannot be the corresponding aldehyde of 
ferulic acid (4-hydroxy-3-methoxy cinnamaldehyde) as 
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this, being less polar than vanillin, would have a longer 
Rt on HPLC than vanillin. Also, compound A has a shorter 
Rt than vanillin but a longer Rt than protocatechuic 
aldehyde, which suggests it may be 3,4-dihydroxy 
I-' 
cinnamaldeyde, the corresponding aldehyde of caffeic 
acid It is also probable that the conjugated carbons in 
the C-1 side chain would make 3,4-dihydroxy 
cinnamaldehyde less polar than protocatechuic aldehyde, 
giving it a longer Rt. However, conjugated double bonds 
can shift the U.V. maxima of compounds upwards (Brown, et 
al., 1988). For example, the structures of protocatechuic 
acid and caffeic acid differ only by the presence of two 
conjugated carbons in the C-1 side chain in caffeic acid. 
However, the U.V. maxima are shifted, from 258 and 291m 
for protocatechuic aldehyde to 322nm for caffeic acid. A 
similar shift is also observed between vanillic and 
ferulic acid which again differ only in the presence or 
absence of two conjugated carbons in the C-i side chain. 
These have U.V. maxima of 260 and 320nm respectively. 
As caffeic acid is known to be extremely toxic to 
chilli fruits (Sukrasno, 1991). it was surprising to 
discover that such large amounts were accumulated by 
suspended cells in culture. It is possible that Compound 
A is a less toxic metabolite of caffeic acid, such as a 
glycoside or ester of a phenolic compound, which is 
released into the culture medium thus detoxifying some of 
the caffeic acid. There are many reports on the ability 
of plant cells to glycosylate exogenously supplied 
phenolics (Furuya, 1978; Furuya et al., 1987; Tabata et 
al., 1988; Kodama et al., 1990; Tanaka et al., 1990) and 
phenyipropanoids (Funk and Brodelius, 1990c). It seems 
likely however that both phenolic glycosides and esters 
would partition into the aqueous phase during extraction. 
Compound A partitions into the organic phase suggesting 
it may be a free phenolic compound. Such suggestions are, 
however tentative and more work is needed to identify 
Compound A. 
4.1.3 other Possible Routes of Metabolism for Ferulic 
Acid by Cultures. 
In addition to caffeic acid and Compound A, ferulic 
acid may be channelled into other compounds not detected 
by the techniques used in this study. Cell walls have 
been shown to be major sinks for phenylpropanoids in 
certain plant species (see Yamamoto et al., 1989, for 
review). For example 1-3% of the dry matter content of 
cell walls of members of the Graminaceae is due to 
phenolic constituents (HartJy, 1986). More specifically, 
Shann and Blum (1987) have also reported that added 
ferulic acid is incorporated into lignin in intact 
cucumber seedlings and Whitmore (1976) has showed the 
incorporation of [ 14C]ferulic acid into pine lignin. 
Ferulic acid can also bind to galactopyranose and 
arabinopyranose residues in polysaccharides in the 
primary cell walls of spinach cultures (Fry, 1983). 
Moreover, ferulic acid is thought to have a role in the 
cross-linking of sugar residues in the cell wall (Hartley 
et al., 1990) and in linking lignin and polysaccharides 
in grass cell walls (Lam et al., 1992). Hall and Yeoman 
(1991) showed that when [ 14C]phenylalanine was supplied 
to immobilized pepper cultures the majority of the label 
was rapidly incorporated into covalently bound phenolics 
in the cell wall suggesting that added ferulic acid could 
be incorporated into the cell walls of cultures either 
directly or indirectly via caffeic acid. 
If ferulic acid is channelled into other metabolic 
pathways not leading to the production of capsaicin, it 
may be possible to shunt ferulic acid into vanillin by 
saturating the phenylpropanoid pathway with phenolic 
compounds. This may be achieved by adding ferulic acid to 
cultures together with either caffeic or coumaric acid, 
which are known to have a role in phenylpropanoid 
metabolism. However, no vanillin or capsaicin were 
detected in these experiments (3.2.3). Therefore it would 
appear that these cultures either do not express one or 
more of the enzymes that convert ferulic acid to 
capsaicin or that the ferulic acid is prevented from 
reaching the site of these enzymes because of cell 
compartmentalization. However, despite trying to direct 
ferulic acid into capsaicin by adding it together with 
other phenylpropanoids, it is still possible that ferulic 
acid is preferentially channelled into metabolic pathways 
other than those leading to the production of capsaicin. 
Alternatively capsaicin may be produced but below the 
limits of detection of the method employed. 
No vanillin was detected when cultures of C. 
frutescens were supplied with ferulic acid. This is 
similar to the findings of Funk and Brodelius, who failed 
to obtain production of vanillin in suspension cultures 
of V. planifolia supplied with ferulic acid or treated 
with elicitors (1990b, a respectively). In contrast, 
vanillin production, which was stimulated on the addition 
of ferulic acid, has been reported in callus cultures of 
V. planifolia (Romagnoli and Knorr, 1988). 
Although the experiments discussed here begin to 
give an interesting insight into aspects of ferulic acid 
metabolism, neither vanillin nor capsaicin were detected. 
Hence, conclusions could not be made as to the role of 
vanillin in capsaicin biosynthesis. For this reason it 
was decided to investigate the metabolism of added 
vanillin in both fruits and cultures of C.frutescens. In 
addition the changes in the incorporation of 
[ 14C]phenylalanine in fruits and cultures in the presence 
and absence of vanillin were also studied. Finally the 
fate of added [5-2H]vanillin was also followed in fruits 
and the results of these investigations are discussed in 
4.2. 
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4.2 THE METABOLISM OF VANILLIN MW THE EFFECT OF ADDED 
VANILLIN ON THE METABOLISM OF FRUITS AND CULTURES. 
4.2.1 The Metabolism of Added Vanillin by Cultures. 
Vanillyl alcohol appeared to be the major product 
accumulated when vanillin was supplied to suspension 
cultures (3.3.1). It seems likely that the vanillyl 
alcohol is produced directly from the added vanillin by a 
biotransformation rather than indirectly by pertubation 
of phenolic metabolism, for several reasons. Firstly, 
vanillyl alcohol is not known to be a naturally occurring 
phenolic present in C. frutescens fruits or cultures 
(Sukrasno, 1991) . However, small amounts of radiolabelled 
vanillyl alcohol, supposedly produced from vanillin, have 
been detected in cultures of C. frutescens elicited with 
fungal spores and supplied with [ 14C]phenylalanine 
(Groskurt, 1992). Indeed the production of vanillyl 
alcohol from vanillin, the reduction of an aldehyde to an 
alcohol, is a relatively common reaction performed by 
plant cells in culture (Yeoman et al., 1990) another 
example of which is the reduction of codeinone to codeine 
by Papaver soranilerurn (Furuya et al. 1984; Go', 1991). 
Secondly, the reduction of vanillin to vanillyl 
alcohol has also been shown to occur in yeast cells, 
Saccharomyces cervisiae, (DeWulf and Thonart, 1989) and 
this reaction is reported to utilize NADPH. 
Lastly, if the vanillyl alcohol accumulated was 
produced by perturbation of phenolic metabolism and the 
added vanillin was not metabolized, the total amount of 
vanillin and vanillyl alcohol recovered, after losses 
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incurred during extraction were accounted for, would be 
expected to exceed the total amount of vanillin added, 
this was not found to occur, (3.3.1) which is consistent 
with the theory that vanillyl alcohol is produced from 
vanillin by a biotransformation. A diagrammatic 
representation of this biotransformation is shown in Fig. 
4.2.1. 
In addition to vanillyl alcohol, a vanillic acid 
glycoside was also accumulated in suspended cells 
supplied with vanillin (3.3.1). It is possible that the 
vanillic acid glycoside produced in cultures is identical 









Fig 4.2.1. The Proposed Metabolic Fate of Vanillin Added 
to Suspended Cells of C. frutescens. 
(see 3.4) as both the Rt by HPLC and U.V. spectrum are 
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very similar. However, there is no evidence to suggest 
that the vanillic acid glycoside produced in pepper 
cultures is identical to that detected in the fruits of 
V. planifolia (Narbard et al., 1990) as no comparative 
HPLC data are available and the composition of the 
glycone moiety may vary. The vanillic acid glycoside was 
not accumulated in the culture line used in this study in 
the absence of vanillin. 
It seems likely that the vanillic acid component of 
the glycoside is produced from vanillin as shown in Fig. 
4.2.1 and is similar to the conversion of vanillin to 
vanillic acid already established for certain bacterial 
species, (Toms and Wood, 1970; Otuk, 1985). Zenk (1965) 
studied vanillin production in fruits of V. planifolia. 
He proposed that vanillin and vanillic acid have a common 
precursor, vanilloyl-CoA, derived from ferulic acid which 
can be reduced to vanillin or de-acylated to vanillic 
acid. Furthermore he postulated that there was some 
activation of vanillic acid back to vanilloyl-CoA and 
conversion to vanillin. If a similar system was operating 
in the cultures used in this study, there could be an 
activation of vanillin to vanilloyl-CoA and de-acylation 
to vanillic acid. Recent work by Funk and Brodelius 
(1990b) has suggested that cinnamic acid, not ferulic 
acid is a precursor of vanillic acid in suspended cells 
of V. planifolia. This would suggest that the branching 
point of the phenylpropanoid pathway which leads to 
vanillic acid is prior to ferulic acid. Moreover, they 
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found kinetin specifically induced both vanillic acid 
formation and 4-0-methyltransferase activity (Funk and 
Brodelius, 1992). This led to their proposal that the 
methylation of caffeic acid to either ferulic acid (by a 
3-0-methyltransferase) or to iso-ferulic acid (by a 
4-0-methyltransferase) was the branch point in the 
phenyipropanoid pathway. Thus, iso-ferulic and ferulic 
acid lead to the production of vanillic acid and lignin 
respectively. If the system proposed by Funk and 
Brodelius (1992) occurs in C. frutescens, it indicates 
that either ferulic acid is not a precursor to vanillin 
or that vanillin is not a precursor of vanillic acid. 
Indeed, it is possible that vanillic acid is produced 
from a phenolic compound other than vanillin through 
pertubation of the phenylpropanoid pathway although it 
seems likely that the vanillic acid in the glycoside is 
produced either directly or indirectly from the added 
vanillin. A summary of the metabolism of added vanillin 
in suspended cells of C. frutescens is shown in Fig. 
4.2.1. 
4.2.2 The Metabolism of Added Vanillin by Fruits. 
Fruits prior to the commencement of capsaicin 
synthesis (9d.) showed a similar metabolism to that of 
cultured cells supplied with vanillin. Both vanillyl 
alcohol and a vanillic acid glycoside were accumulated 
(see Fig. 4.2.2). The accumulation of the vanillic acid 
glycoside does not normally begin in fruits until Ca. 
20d., after capsaicin accumulation has started (see 3.4 
274 
of this study and Sukrasno and Yeoman, 1993). When 
vanillin is added to fruits the accumulation of this 
glycoside starts much earlier at Ca. 9d. This suggests 
that the lack of substrate or competition for substrate 
may control the synthesis of vanillic acid glycoside in 
fruits rather than the expression of particular 
enzyme(s). This is already thought to occur in the 
capsaicin biosynthetic pathway and Holland (1989) 
concluded that substrate limitation may be one factor 
affecting capsaicin production in fruits. 
Fruits during and after capsaicin production both 
showed the ability to completely metabolize 250j.tg of 
vanillin in 24h. and there was a rapid decrease in the 
levels of vanillin recovered in the first 6h. This 
decrease could be observed if the added vanillin was 
translocated away from the fruit. However, it seems 
highly likely that at least part of the vanillin is 
enzymatically converted to other compounds within the 
fruit as both vanillyl alcohol and a vanillin glycoside 
appeared lh. after vanillin was supplied (see Fig. 
4.2.2). Both these compounds seem to be transient 
metabolites as their levels decrease with time and no 
other novel compounds could be detected. Therefore it 
cannot be discounted that the ultimate fate of some of 
the vanillin is translocation from the fruit to other 
parts of the plant via vanillyl alcohol and vanillin 
glycoside. Alternatively, vanillin may be synthesised 




Vanillyl 	A Vanillin 	A Vanillic Acid 
Alcohol Glycoside Glycoside 
Thought to occur both prior to and during capsaicin 
synthesis on the addition of vanillin. 
Thought to occur only during capsaicin synthesis on 
the addition of vanillin. 
3..) Thought to occur prior to capsaicin synthesis on the 
addition of vanillin. 
Fig. 4.2.2. The proposed Metabolic Fate of Vanillin Added 
to Fruits of C. frutescens. 
One possible fate for the vanillyl alcohol and 
vanillin glycoside produced on the addition of vanillin 
was that they were repeatedly glycosylated. This-would 
make them very polar, co-eluting with peaks e and f by 
HPLC (see 3.4). However, this possibility was discounted 
from experiments in which [5- 2H]vanillin was fed to 
fruits (3.7.2), as no label was detected in these very 
polar compounds. 
Also vanillin derivatives did not appear to be 
accumulated in the saponified fraction of the cell wall 
as no deuterium was detected here either. The role of 
phenolics in the cell wall metabolism of chilli peppers 
is not well understood. It has been suggested that 
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phenylpropanoids may be sequestrated into the cell walls 
of pepper cultures (Hall et al., 1987; Hall and Yeoman, 
1991) and phenylpropanoids are known to be important 
metabolites in the cell walls of other plant species 
(Fry, 1983; Hartley, 1986; Yamamoto et al., 1989). 
However, Sukrasno (1991) found only low levels of 
incorporation of [U- 14C]cinnamic acid in the saponified 
cell wall fraction of fruits of C. .frutescens. Hence cell 
wall metabolism in fruits of C. frutescens does not 
appear to be a major sink for either added cinnamic acid 
or vanillin. 
Lignin was considered as one possible sink for 
added vanillin. However, lignin is a relatively 
intractable substance and the method of solubilization 
used in this study yielded a highly coloured sample 
contained in a relatively large volume of solvent mixture 
making it unsuitable for analysis by conventional nmr. 
Solid-state nmr has been used in the study of lignin 
(e.g. solid-state 13C nmr by Lewis et al., 1990). 
However, when solid-state deuterium nmr was utilized to 
analyse lignin samples from this study it proved very 
insensitive and no useful data were obtained (results not 
presented in this thesis) . There are also problems in 
studying the incorporation of any [5-H] label into 
lignin. A low incorporation of [5- 3Hjcoumaric acid into 
lignin was detected by Sukrasno (1991). He postulated 
this was so low because of the removal of the radioactive 
atom in many of the coumaric acid molecules during lignin 
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formation (p.comm). Hence further work is required, with 
vanillin labelled in a different position, e.g. a carbon 
label in the benzene ring or in the methoxy group, to 
establish the role of this phenolic in lignin 
biosynthesis. A summary of the metabolism of added 
vanillin in fruits is shown in Fig. 4.2.2. 
4.2.3 The Effect of Added Vanillin on the Incorporation 
of [ 14C]Phenylalanine in Cultures. 
Smaller, more subtle changes in culture and fruit 
metabolism were studied by adding { 14C)phenylalanine in 
the presence or absence of vanillin (3.3.2 and 3.5.2 
respectively). 
Vanillin had a limited effect on the metabolism of 
[ 14C]phenylalanine in suspension cultures (3.3.2) which 
was most pronounced in 8d. cultures. A diagrammatic 
representation of the possible changes in culture 
metabolism on the addition of vanillin is shown in Fig. 
4.2.3 and this is now discussed. 
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Heavy arrows denote the proposed metabolic fate of added 
vanillin 
Fine arrows denote endogenous metabolism 
Fig. 4.2.3. The Proposed Alteration to Culture Metabolism 
on the Addition of Vanillin to 8d. Cultures. 
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There was a reduction in the incorporation of [ 14 C] 
into lignin in ad. cultures and in the aqueous phase of 
the tissue extract which may be due to a dilution effect 
of the added, cold vanillin. If endogenous vanillin 
produced from phenylalanine is incorporated into 
glycosylated phenolics, then the addition of a large 
amount of cold vanillin together with [ 14C]phenylalanine 
could cause the observed decrease in the incorporation 
into the aqueous fraction. Indeed there is evidence to 
support this explanation. Sukrasno (1991) found that a 
related culture line of C. frutescens accumulated a 
vanillic acid glycoside in detectable quantities and 
evidence from this study (3.3.1) suggests that vanillin 
may be a precursor of vanillic acid glycoside. Hence, the 
culture line used in this study may accumulate small 
amounts of vanillic acid glycoside, below the limits of 
detection of the methods used. 
A similar argument may explain the observed decrease 
in incorporation of [ 14 C]phenylalanine into lignin in Sd. 
cultures. If vanillin is a precursor to lignin then the 
addition of large amounts of cold vanillin could cause a 
decrease in the incorporation of [ 14C] into lignin. This 
is shown diagrammatically in Fig. 4.2.3 where the fate of 
added vanillin and endogenous metabolism are denoted by 
heavy and fine arrows respectively. 
In addition to the aforementioned decrease in the 
incorporation of [ 14C] into the aqueous phase of the 
cells and lignin, there was an increase in incorporation 
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into the organic phase of the medium in 8d. cultures. 
Adding large amounts of vanillin could cause a 
perturbation in the phenyipropanoid pathway the 
consequence of which is that more phenolics are available 
for metabolism. Thus [ 14C] may be channelled into 
compounds not normally accumulated in cultures (see Fig. 
4.2.3) 
The addition of vanillin appears to have the 
greatest effect on 8d. cultures. This may be due to a 
dosage effect rather than differences in metabolism due 
to stages of the culture cycle. There is less tissue 
present in 8d. cultures compared to those at lsd. and 
22d. and hence individual cells will receive a larger 
dose of vanillin. 
4.2.4 The Effect of Added Vanillin on the Incorporation 
of [ 14C]Phenylalanine in Fruits. 
Similar experiments to those discussed in 4.2.3 were 
conducted using fruits which were actively accumulating 
capsaicin (3.5.2) the results of which have led to the 
assumption that added vanillin may stimulate the flux of 
metabolites through the phenylpropanoid pathway. A 
diagrammatic presentation of the proposed effects of 
added vanillin on fruit metabolism is shown in Fig. 
4.2.4. In Fig. 4.2.4, the fate of added vanillin and 
endogenous metabolism are represented by heavy and fine 
arrows respectively. 
Very low levels of vanillin increased the 






























[ 14C] CAPSAICIN 
Heavy arrows denote the proposed metabolic fate of added 
vanillin 
Fine arrows denote endogenous metabolism 
Low levels of added vanillin stimulate the flux of 
intermediates through the phenylpropanoid pathway but at 
higher levels of added vanillin the endogenous pools 
containing labelled intermediates are diluted. 
Fig. 4.2.4. The Proposed Effect of Added Vanillin on 
Fruit Metabolism. 
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that vanillin may increase the flux of phenolics down the 
phenylpropanoid pathway. At higher levels of added 
vanillin there could be an excess of cold vanillin 
available for capsaicinoid synthesis and although 
capsaicin accumulation may still be increased no increase 
in the incorporation into capskt'cin would be or is 
observed. 
Moderate and high levels of added vanillin caused an 
increase in the { 14C] present in the fraction containing 
glycosylated phenolics. Again an increased flux down the 
phenylpropanoid pathway would mean that more [ 14C] is 
available for the synthesis of phenolic glycosides. 
Moderate amounts of vanillin also caused an increase 
in the incorporation of [ 14C] into the organic phase of 
the cell wall. This suggests that added vanillin has a 
stimulating effect on the flux of [ 14C]phenylalanine into 
this fraction which again seemed to be reduced at higher 
levels of vanillin. 
Added vanillin also tended to decrease the 
incorporation of [ 14C]phenylalanine into lignin whilst 
increasing the incorporation into protein. It may be that 
vanillin is a precursor to lignin and the decreasing 
trend of incorporation into this fraction is due to a 
dilution effect of the added cold vanillin on the 
[ 14 C]vanillin pool derived from the [ 14C]phenylalanine 
supplied to fruits. This may leave more 
[ 14 C]phenylalanine available for protein synthesis. 
Alternatively vanillin may have some control over the 
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balance of these two competing pathways by, for example 
affecting the activity of key enzymes. Indeed it has been 
shown that certain intermediates of the phenyipropanoid 
pathway can specifically regulate metabolism. Loake et 
al. (1991) found that both trans-cinnamic and trans-
p-coumaric acid promote the synthesis of flavonoid 
compounds in alfafa by regulating the promoter of the 
chalcone synthase gene. Recent work has started to 
elucidate the mechanism of this control at the molecular 
level (Loake et al., 1992). It would appear that two 
distinct elements of DNA, the H-box and the C-box are 
required for stimulation of the chalcone synthase 
promoter by p-coumaric acid. 
It must be stressed that the proposal that vanillin 
stimulates phenylpropanoid metabolism in fruits is 
tentative as further work is needed to establish the 
nature of any control. However, it is possible that 
vanillin has an effect on PAL activity. It is well 
documented that trans-cinnamic acid can decrease PAL 
activity (Shields et al., 198.; Bolwell et al., 1986, 
1988) and p-coumaric and ferulic acid also have the same 
effect on PAL activity (Dixon et al., 1980). In addition, 
Dixon has reported transient increases in PAL activity 
caused by cinnamic, coumaric and ferulic acid. It is 
possible that vanillin has an effect similar to that of 
fungal elicitors which have been shown to cause increases 
in phenylpropanoid metabolism (Farmer, 1985; Grand et 
al., 1987; Dalkin et al., 1990; Orr et al., 1993) and 
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stimulate enzymes of the phenylpropanoid pathway (Pare et 
al., 1992). Further work on the effect of added vanillin 
on phenyipropanoid metabolism is necessary. In any future 
work on the effect of vanillin on phenylpropanoid 
metabolism it would seem sensible to investigate the 
effect of vanillin on PAL as this is a key enzyme in the 
control of the phenylpropanoid pathway. 
As well as investigating the effect of vanillin on 
fruit and culture metabolism, the role of this molecule 
in capsaicin biosynthesis was also studied and this is 
discussed in 4.3. 
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4.3 THE ROLE OF VANILLIN IN CAPSAICIN BIOSYNTHESIS. 
One objective of this study was to determine the 
role of vanillin in capsaicin biosynthesis and confirm or 
refute the capsaicin biosynthetic pathway as shown in 
Fig. 1.7.1 and Fig. 4.3.1, where vanillin is described as 
being a precursor of the aromatic moiety of capsaicin 
(Yeoman et al., 1980; Hall et al., 1986, 1987; Holden et 
al., 1987). 
Two strategies were employed to test the theory that 
vanillin is a precursor to capsaicin in C. frutescens the 
results of which are discussed in 4.3.1 and 4.3.2. 
4.3.1 Attempts to Establish the Role of Vanillin in 
capsiacin Biosynthesis by Indirect Labelling Studies. 
The first strategy employed was to supply cold 
vanillin to fruits with [ 14C]phenylalanine. If vanillin, 
derived from phenylalanine, is a precursor of 
capsaicinoids then the addition of cold vanillin should 
cause a decrease in the incorporation of 
[ 14C]phenylalanine into capsaicinoids and therefore a 
reduction in the specific activity of capsaicinoids by a 
dilution effect. Initial results suggested there was 
indeed a decrease in the incorporation of 
[ 14 C]phenylalanine into capsaicinoids in 24d. fruits in 
the presence of vanillin (3.5.1) . However, this result 
could not be repeated (see 3.5.2). There was no decrease 
in the specific activity of capsaicinoids in 24d. fruits 
in results described in either 3.5.1 or 3.5.2. 
So the question still remained, was vanillin a 
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Pig. 4.3.1 The Proposed capsaicin Biosynthetic Pathway. 
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precursor to capsaicin in the C. trutescens fruits? The 
findings of experiments discussed in 4.3.2 and described 
in 3.7.2, which showed that [5- 2H]vanillin was 
incorporated into capsaicinoids, suggest that it is. This 
leads to two questions. Firstly, why was there a decrease 
in the incorporation of [ 14C]phenyla1anine into 24d. 
fruits supplied with vanillin in experiments described in 
3.5.1 but not in 3.5.2? secondly, if vanillin is a 
precursor to capsaicin why was there no decrease in the 
specific activity of capsaicinoids in 24d. fruits 
supplied with vanillin and [ 14C]phenylalanine in 
comparison to control fruits? 
In answer to the first question, the reduction of 
incorporation of [ 14C]phenylalanine into capsaicinoids in 
24d. fruits supplied with vanillin in 3.5.1 may be due 
to a lower rate of capsaicinoid synthesis in these 
fruits. This is consistent with the fact that there was 
no decrease in the specific activity of capsaicinoids on 
the addition of vanillin in experiments described in 
3.5.1. This may be due to the inherent variation between 
chilli fruits, discussed later in this section, and the 
use of such a small sample size (three fruits for each 
treatment). This explanation is supported by the fact 
that that there was a reduction in the specific activity 
of capsaicinoids in 34th fruits supplied with vanillin in 
comparison to control fruits. Fruits at 34d. were more 
likely to vary in the rate of capsaicin synthesis than at 
24d. as they were reaching the end of capsaicin 
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accumulation (see 3.4, this study). As the end of 
capsaicin synthesis cannot be determined with accuracy, 
some fruits may have stopped capsaicin synthesis 
completely while others have not. This could lead to 
differences in the incorporation of [ 14C]phenylalanine 
into capsaicinoids between fruits. 
In answer to the second question, why was no 
decrease in the specific activity of capsaicinoids 
detected on the addition of vanillin if vanillin is a 
precursor to capsaicin? It is possible that there is a 
decrease in the incorporation of [ 14C]phenylalanine into 
capsaicin and the specific activity of capsaicinoids on 
the addition of vanillin but that it is too small to be 
detected over the natural variation between chilli 
fruits. There are quite large differences in the amounts 
of capsaicin accumulated between individual fruits (see 
3.4 this study; Hall et al., 1987; Sukrasno, 1991) which 
are likely to reflect either differences in the overall 
rate of accumulation and\or in the duration of capsaicin 
accumulation. Care was taken to try and minimise both 
these possible differences during experiments. For 
example fruits in the middle of capsaicin accumulation 
(24d. after anthesis) were selected for feeding 
experiments (see 3.5.2) . These fruits were also in the 
middle of the most rapid phase of capsaicin accumulation 
and hence any differences in the incorporation of 
[ 14C]phenylalanine into capsaicinoids on the addition of 
vanillin were most likely to be detected. 
RM 
Previous labelling studies with pepper fruits have 
concentrated on following the fate of various precursors 
and not in measuring changes in the incorporation in the 
presence of a second, non-radioactive, compound (Suzuki 
et al., 1981; Hall et al., 1986; Holland, 1989; Sukrasno, 
1991). Similarly, labelling studies on suspended cells 
have concentrated on the incorporation of capsaicin 
precursors caused by changes to the physical and chemical 
environment e.g. cell immobilization (Lindsey and Yeoman, 
1984a; Lindsey, 1986b), nutrient limitation (Lindsey and 
Yeoman, 1984a; Lindsey, 1985), or elicitation of cultures 
with fungal spores (Holden et al., 1988a, 1988b). 
No detectable decrease in the incorporation of 
( 14c)phenylalanine into, or specific activity of 
capsaicinoids on the addition of vanillin could also 
occur if vanillin stimulated capsaicin synthesis (see 
4.2.4) by increasing the flux of capsaicin precursors 
down the phenylpropanoid pathway. This might divert more 
[ 14C]phenylalanine into capsaicin synthesis. If, in 
addition, vanillin is rapidly metabolized into compounds 
other than capsaicinoids then the level of increased 
[ 14C]phenyla1anine incorporation into capsaicin may be 
sufficient to counter any dilution effect of the added 
vanillin. 
Another possible explanation for no detectable 
decrease in the incorporation of { 14C]phenylalanine into 
capsaicinoids or a reduction in the specific activity of 
capsaicinoids on the addition of vanillin is that there 
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may also be compar?entalization problems. 	Added 
( 14 C]phenylalanine and vanillin may not reach the same 
metabolic pool preventing the dilution of 
[ 14C]phenylalanine incorporation into capsaicin on the 
addition of vanillin. However, this seems unlikely as 
[5-2H]vanillin was incorporated into capsaicin in chilli 
fruits (see 3.7.2 and 4.3.2) and [ 14C]phenylalanine is 
known to be incorporated into capsaicin in fruits (Bennet 
and Kirby, 1968; Leete and Louden, 1968; Hall et al., 
1987). Hence, both compounds must be./ able to reach the 
site of capsaicin accumulation. Also, the site of 
capsaicin accumulation is thought to be very specific, 
i.e. in the epidermal cells of the placental tissue of 
fruits (Suzuki et al., 1980) and probably mostly in 
specialized vacuoles within these cells (Fujiwake et al., 
1980a; Fujiwake et al., 1982). Hence, capsaicin synthesis 
seems likely to be highly localized within the fruit and 
therefore [ 14C]phenylalanine and vanillin are probably 
entering the same metabolic pool. 
A 	decrease 	in 	the 	incorporation 	of 
[ 14 C]phenylalanine into capsaicin on the addition of 
vanillin does not categorically prove that vanillin is a 
precursor to capsaicin. If vanillin inhibits capsaicin 
synthesis a decrease in the incorporation of 
[ 14 C]phenylalanine into capsaicin could also be observed. 
It was for this reason that a more direct approach using 
[5-2H]vanillin was employed for the study of capsaicin 
synthesis. Tritiated vanillin was not used for metabolic 
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studies as tritiated water would be used to exchange 
label vanillin (see 2.5.1). Tritiated water is very 
labile and therefore extremely hazardous. Specialized 
equipment Is needed for its containment and these 
facilities were not available. Hence [5- 2H]vanillin was 
used in lieu. 
4.3.2 Establishing the Role of Vanillin in capsaicin 
Biosynthesis by Direct Labelling Studies. 
The use of deuterium in metabolic studies has been 
limited largely due to the insensitivity of detection 
methods. However, deuterium has been employed in studies 
of human metabolism because of its low toxicity (Emken et 
al., 1990) and deuterated water has been used to confirm 
the de novo synthesis of indole-3-acetic acid by plant 
species (Cooney and Nojebel, 1991; Ribaut et al., 1993). 
Mass-spectrometry was used as a detection method in these 
three, studies. However, compared to mass-spectrometry, 
deuterium nmr is more sensitive and allows the detection 
of deuterated compounds labelled with deuterium in a 
single position. Hence it was the chosen method for 
detection of deuterium in this study. 
Deuterium nmr is a relatively new technique but it 
has proved useful in a number of fields. For example it 
has been used to detect adulteration and origin of 
natural products, e.g. vanillin (Naubert et al., 1988; 
Martin and Martin, 1990; for review see Martin et al., 
1992). This is possible as the natural abundance of 
deuterium increases towards the equator causing 
geographical differences in the level of deuterium which 
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are apparent by deuterium nmr. A brief expanation of the 
theoretical basis of nmr is given in Appendix A. 
Results presented in 3.7.2 show that [5- 2H]vanillin 
is incorporated into capsaicin and that the deuterium 
label remains in the 5-C position. This indicates that 
the label in capsaicin has arisen by incorporation of 
[5-2H]vanillin into capsaicin and not by the random 
exchange of hydrogen atoms on capsaicin with deuterium 
atoms on the added vanillin. If this random exchange of 
hydrogen with deuterium atoms had occurred several 
deuterium peaks would have been expected in the nmr 
spectra as most of the deuterium atoms present in 
different positions within the capsaicin molecule give 
different peaks.. The detection of the position of the 
label within a molecule using nmr provides a distinct 
advantage over the use of a radioactive precursor and 
liquid scintillation counting. However, one disadvantage 
of nmr as a detection method is that relatively large 
amounts of precursor have to be added to facilitate 
detection; (6.5pmoles of deuterated vanillin were added 
to fruits compared to ca. 2.4nmoles of [ 14C]phenylalanine 
in experiments described in 3.5). 
One possible consequence of adding such large 
amounts of vanillin to fruits is the possible 
perturbation of metabolism caused by the presence of a 
precursor leading to the production of novel compounds. 
Indeed there is some evidence for this in the present 
study; vanillyl alcohol is produced (in both fruits and 
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cultures) on the addition of vanillin. It therefore 
follows that the production of capsaicin from vanillin 
may not be a naturally occurring reaction but may be 
induced by the addition of large amounts of vanillin. 
However, it seems more likely that. vanillin is a 
natural precursor to capsaicin in C. frutescens for 
several reasons. Firstly, and most convincingly, vanillin 
and all the proposed capsaicin precursors have been found 
labelled in immobilized cells of C. frutescens supplied 
with [ 14C]phenylalanine and producing labelled capsaicin 
(Hall et al., 1987). similarly labelled cinnamic acid, 
coumaric acid and vanillin have also been detected in 
suspended cells of C. frutescens elicited with fungal 
spores (Groskurt, 1992) and which produced an unknown 
capsaicinoid. 
Also, but less convincingly, certain cell lines 
unable to accumulate capsaicin have been found to 
accumulate putative capsaicin intermediates, such as 
ferulic acid and vanillin (Yeoman et al., 1989; Holden, 
1989) which suggests there may be a restriction in the 
capsaicin pathway resulting in a build-up of these 
compounds. Lastly, ferulic acid and vanillylamine are 
both known to be intermediates in capsaicin biosynthesis 
(Bennet and Kirby, 1968; Holland, 1989 respectively) and 
the conversion of ferulic acid to vanillin has been shown 
to occur in V. planifolia (Zenk, 1965). It is therefore a 
reasonable assumption, that ferulic acid is converted to 
vanillin by a mechanism similar to the n-oxidation of 
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fatty acids and that vanillin is converted to 
vanillylamine by a transamination in which phenylalanine 
is known to act as the nitrogen donor (Kopp et al., 
1983). 
However; the possibility that there is more than one 
metabolic pathway leading to the formation of capsaicin 
cannot be discounted and some other possible routes are 
now discussed in 4.3.3. 
4.3.3 other Possible Pathways of capsaicin Biosynthesis. 
The possibility that there is more than one pathway 
leading to the production of capsaicin cannot be 
discounted from results presented in this thesis. 
There are four key stages in the formation of 
vanillylamine from hydroxycinnamic acids. These reactions 
are detailed in Fig. 4.3.2 for the steps thought to occur 
in capsaicin synthesis, i.e. from coumaric acid to 
vanillylamine via vanillin. Likely co-factors are shown. 
Firstly, there is the methylation in the meta 
position of the ring. This is thought to occur via 
hydroxylation, utilizing NAUPH, H and 02 to yield NADP+, 
H20 and the meta substitiuted derivative (Russel and 
Conn, 1967; Russel, 1971; Butt and Lamb, 1981), denoted 
as stage 1 on Fig. 4.3.2. Enzymatic methylation then 
takes place by meta specific O-methyllansf erases where 
S-adenosyl-L-methionine (SAN) acts as a methyl donor and 
S-adenosyl-L-homocysteine (SAH) and the methyl 
substituted phenolic derivative are the reaction products 
(Poult3n, 1981). This is denoted as Stage 2 on Fig. 
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Fig. 4.3.2 Proposed Intermediates and Co-Factors Involved 
in the Conversion of Coumaric Acid to Vanillylamine. 
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4.3.2. 
The next stage, denoted as stage 3 on Fig. 4.3.2, is 
the shortening of the side chain on the cinnamic acid to 
produce a benzyl derivative and the reduction of the acid 
group to an aldehyde. Although this conversion involves 
many reaction steps (shown in Fig. 4.3.2) these have been 
grouped together as one stage, denoted as stage 3 in Fig. 
4.3.2 as little is known about the sequence of these 
reactions but vanillin is the proposed product. The 
formation of a benzoyl-SC0A derivative from the 
corresponding cinnamic acid is thought to occur by 
side-chain degradation in a mechanism analogous to the 
p-oxidation of fatty acids (Zenk, 1966). This reaction is 
thought to occur via cinnamoyl-CoA thioesters where 
acetyl-00A and the corresponding benzoyl-SC0A derivative 
are the reaction products. The reduction of the 
benzoyl-SC0A derivative then occurs to form the 
corresponding benzaldehyde utilizing NADPH and H+ and 
yielding NAD+ and HSCoA (Gross et al., 1973). 
The final stage (shown as stage 4 on Fig. 4.3.2) is 
the addition of the amine group to the C-i side chain of 
the benzaldehyde to yield vanillylamine. Phenylalanine is 
reported as the dongr of the amine group, yielding 
phenylpyruvate after the donation (Kopp et al., 1983). 
It is possible that these reaction steps could occur 
in different sequences so that many routes to the 
production of vanillylamine are possible. For example, 
the shortening and reduction of the C-1 side chain could 
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occur prior to methylation. 	A simplified summary of 
these possible pathways is shown in Fig. 4.3.3. Indeed, 
other routes to the synthesis of vanillylamine have also 
been proposed. Yeoman et al. (1980) suggested that 
vanillin could be synthesised from caffeic acid via 
protocatechuic aldehyde. Another possibility is that 
vanillin is formed from p-coumaric acid via 
p-hydroxybenzaldehyde which would then be hydroxylated 
and methylated to yield vanillin. 
Other routes to the production of capsaicin are 
possible in which vanillin is not a precursor. For 
example, the production of vanillylamine from 
protocatechuic aldehyde or p-hydroxybenzaldehyde via 
protocatechuic amine or p-hydroxybenzylamine 
respectively. Hydroxylation and methylation would then 
take place to yield vanillylanine (see Fig. 4.3.3). All 
these pathways could be additional routes to capsaicin 
synthesis and indeed Sukrasno (1991) reported unknown 
radioactive compounds which appeared to be active 
intermediates in capsaicin synthesis. 
This study has gone some way towards elucidating the 
metabolic pathway leading to capsaicin. Once the 
biosynthetic route of a compound is known, studies can 
begin into the regulation of its metabolism which is the 
focus of the next section of this discussion. 
4.3.4 The Regulation of Capsaicin Synthesis. 
Biosynthetic pathways can be regulated in three 
major ways; by regulating enzyme activity, by substrate 
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p-coumaric acid 	 catfeic acid 
H 
ferulic acid 
CH2CHCOOH 	 CH 2CHCOOH 	 CH2CHCOOH 
I L 1OCH3 
OH OH 	 OH 
	
p - hydroxybenzaldehyde 	 protocatechuic aldehyde 	 vanillin 
C 
I 
CH2NH2 	 a~H 2 	 CH2 NH 2 
Th3 LJJOCH 
OH 	 OH 	 OH 
p - hydroxbenzylamine 	 protocatechuic amine 	 vanhllylamine 
Heavy arrows denote the route of vanillylamine synthesis 
thought to occur during capsaicin synthesis. 
Fine arrows denote other possible routes of vanillylamine 
synthesis 
Fig. 4.3.3 Possible Routes of Vanillylamine Production 
from Hydroxycinnamic Acids in C. frutescens. 
Activation steps and co-factors are not shown but are 
likely to be similar as those described in Fig. 4.3.2. 
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availability and by compartmentalization. There are many 
indications that substrate availability has a role in the 
regulation of capsaicin synthesis. Firstly, it has been 
shown that the addition of capsaicin precursors to cell 
cultures of C. frutescens can dramatically increase its 
yield (Yeoman et al., 1980; Lindsey and Yeoman, 1984a,b). 
Similar increases in capsaicin production have been shown 
to occur in immobilized placental tissue of C. annuum 
(Sudhakar Johnson et al., 1990). Also, Holland (1989) 
showed that capsaicin synthase activity was present in 
fruits of C.frutescens before the onset of capsaicin 
synthesis indicating that substrate availability has a 
role in the regulation of capsaicin biosynthesis. 
Work to establish which enzymatic conversion(s) in 
capsaicin biosynthesis may be rate limiting have been 
more problematical. However, it has been shown that 
enzymatic regulation of capsaicin synthesis is more 
likely to occur in the latter part of the pathway for 
several reasons. Firstly, the reactions from 
phenylalanine to p-coumaric acid are active prior to 
capsaicin synthesis (Holland, 1989; Yeoman et al., 1989; 
Sukrasno, 1991). secondly, PAL and C4H activity are not 
found to correlate with capsaicin synthesis (Holden et 
al., 1987; Holland, 1989). Recently Ochoa-Alejo and 
Gomez-Peralta (1993) have shown that caffeic 
acid-0-methyl transferase and capsaicin synthase activity 
are much lower in callus tissue (which accumulate only 
low levels of capsaicin) than in the fruit (which 
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accumulate much higher levels of capsaicin) again 
suggesting that the control of capsaicin synthesis is 
towards the end of the pathway. 
This study has done much to confirm that vanillin is 
a precursor to capsaicin in C. frutescens. However, 
nothing is known about the enzyme(s) which convert 
ferulic acid to vanillin. As it seems likely that 
enzymatic control of capsaicin synthesis occurs near the 
end of the pathway it would seem sensible in future 
studies to focus on the enzymes which convert ferulic 
acid to vanillylamine via vanillin. 
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4.4 A REVIEW OF THE MAIN FINDINGS OF THIS STUDY. 
4.1.1 Phenolic Metabolism by Cultures. 
The addition of capsaicin precursors to cultures did 
not induce the accumulation of vanillylamine or capsaicin 
indicating that either enzyme levels are limiting or 
there are compartmentalization problems within the cell 
which prevents the added precursors reaching the site of 
the enzymes. Instead caffeic acid and Compound A were 
accumulated in cultures on the addition of ferulic acid 
and vanillyl alcohol and a vanillic acid glycoside were 
accumulated on the addition of vanillin to cultures. 
4.2.2 Vanillin Metabolism by Fruits. 
Vanillin appeared to be a precursor of capsaicin 
under the conditions used in this study, confirming that 
the capsaicin biosynthetic pathway as proposed by Yeoman 
et al. (1980); Suzuki and Iwai (1984); Hall et al. (1986, 
1987) does indeed operate. However, only a small 
proportion of the added vanillin was incorporated into 
capsaicin (ca. 0.3% after 24h., see 3.7.2). 
Vanillyl alcohol and a vanillin glyc6side were also 
produced in fruits on the addition of vanillin but it 
appeared that they were both transient metabolites. 
Hence, the ultimate fate of most of the added vanillin is 
still unknown. 
It also appeared that added vanillin stimulates 
phenylpropanoid metabolism. Certain amounts of added 
vanillin appeared to increase the incorporation of 
['TiN 
[ 14 C]phenylalanine into capsaicin, glycosylated phenolics 
and saponified cell wall phenolics. However, further work 
is needed to establish the nature of any control. 
FUTURE WORK. 
This study has gone some way in towards elucidating 
the biosynthetic pathway leading to capsaicin. However, 
many interesting questions about the metabolism of 
vanillin and the regulation of capsaicin biosynthesis 
remain unanswered. Here, objectives for future work are 
outlined. 
The fate of most of the vanillin added to fruits is 
still 	unknown. 	Further 	tracer 	studies, 	with 
[MeO- 14C]vanillin for example, would help to establish if 
lignin or cell wall metabolism is an important sink for 
added vanillin or if its ultimate fate is translocation 
away from the fruit. 
It has been suggested in this thesis that vanillin 
may have a stimulatory effect on phenylpropanoid 
metabolism (4.2.3, 4.3.4). The effect of vanillin on the 
activity of PAL, C4H and capsaicin synthase activity 
would help establish if this proposal is correct. 
With radiolabelled ferulic acid and vanillin, studies 
on the enzymes which convert ferulic acid to 
vanillylamine could commence. Studies on the correlation 
of the activity of these enzymes with the onset of 
capsaicin biosynthesis would help to determine if any of 
these enzymes are the rate limiting step(s) in capsaicin 
303 
biosynthesis. 
4.) Once the rate limiting step(s) 	in capsaicin 
biosynthesis has been established, manipulation to 
activate the expression of the gene(s) which -code for the 
enzyme(s) of the rate limiting step can begin. This could 
lead to increased synthesis of capsaicin in cultures of 
C. frutescens. 
Once the production of capsaicin has sucessfully 
been manipulated work can begin to enhance the production 




APPENDIX A - NUCLEAR MAGNETIC RESONANCE (NMR.) 
The Theoretical Basis of nmr. 
The nuclei of certain isotopes spin around their 
axes generating a small magnetic field. If an external 
magnetic field is applied to the sample containing the 
nuclei then they become aligned in one of a number of 
possible orientations. The number of possible 
orientations of a given nucleus is determined by the spin 
quantum number (I) which gives rise to 21+1 orientations. 
For example a proton nucleus which has a spin quantum 
number of 1/2 gives rise to two possible spin 
orientations. These orientations have slightly different 
energies. Transitions between states can be made by 
applying an oscillating magnetic field and when these 
transitions occur the nucleus is said to resonate. Table 
A(l) shows examples of magnetic nuclei used in nmr with 
their spin quantum number and natural abundance. 
The Chemical Shift. 
In practice, atomic nuclei are present in chemical 
groups in compounds and not in isolation. The field 
applied to the nucleus induces electronic currents in 
these surrounding atoms and produces a further small 
magnetic field thus modifying the field the nucleus is 
subject to. This means that the chemical environment 
surrounding the nucleus alters the exact frequency of the 
external magnetic field required to cause the nucleus to 
resonate. Thus nuclei in different chemical environments 
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Element Mass Spin Quantum Abundance 
Number 
Hydrogen 1H 1 1/2 99.9844 
2 1 0.0156 
3H 3 1/2 0.0 
Lithium 7Li 7 3/2 92.57 
Boron 10B 10 3 19.58 
11B 11 3/2 80.42 
Carbon 13 C 13 1/2 1.108 
Nitrogen 14J4 14 1 99.63 
15N 15 1/2 0.37 
Fluorine 19F 19 1/2 100.00 
Sodium 23Na 23 3/2 100.00 
Phosphorus 31P 31 1/2 100.00 
Table A(t). The spin Quantum numbers and Natural 
Abundance of Certain Isotopes Used in Nuclear Magnetic 
Resonance. 
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will resonate and hence give signals at different 
frequencies. The separation of resonance frequencies from 
an arbitrary chosen reference frequency is termed the 
chemical shift and is commonly expressed in dimensionless 
units of ppm. Table A(2) lists the chemical shifts of 
proton nuclei from tetramethylsilane (TMS) in ppm. 
The peak intensities produced by nmr are measured by 
either height or area and are proportional to the number 
of nuclei that contribute to the signal. For example, in 
nnr the peak intensity of a CH3 group will be three 
times as large as the peak due to a CH group as there are 
three times the number of protons present in the CH3 
group. 
3.) Spin-Spin Coupling. 
Certain peaks recorded by nmr exhibit a multiplet 
structure (i.e. instead of a single peak, resonances are 
recorded as multiple peaks.) This arises from weak 
interactions between magnetic nuclei. These interactions 
are transmitted via the electrons in a chemical bond. For 
example, if there are two magnetic nuclei, A and B, each 
nucleus can have two possible spin orientations. In 
combination with each other these nuclei can spin 
parallel (aa or or anti-parallel (ap or a) to each 
other giving four possible spin orientations (see Fig. 
A(l)). When there is no spin-spin coupling present, (Fig. 
A(l)a, transitions between energy levels for nuclei A and 
B have the same energy and give rise to a single peak for 
each nucleus. When Nucleus A and B interact i.e. when 
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Environment Chemical Shift Range (8) 
ppm from fiB 
R-COOH 10.0 - 12.0 
R-CHO 9.0 	- 11.0 
Ar-H 6.7 	- 9.7 
CCii 1.2 	- 3.2 
C=C-H 3.9 	- 7.9 
RR'CH-X 3.6 - 5.0 
R-CH2-X 3.2 	- 4.4 
CH3-X 2.2 	- 4.2 
RR'CH-Y 2.8 - 3.1 
R-CH2-Y 2.5 - 2.7 
CH3-Y 2.0 - 2.6 
C=C-CHRR' 1.9 	- 3.7 
C=C-CH2R 1.9 - 2.9 
R-CH2R 1.1 - 2.1 
CH3-R 0.9 - 2.0 
CH3-CO.R 1.6 - 2.2 
Table A(2). The Chemical Shifts of Protons (in ppm) in 
Organic Compounds. 
TMS=Tetramethylsilane 
R and R' denote alkyl groups. 
Ar denotes an aryl group. 
X denotes a halogen or an OH or OR group. 
I denotes a NH2, NHR, NR2, or SH2 group. 
The chemical shifts of deuterium atoms present in the 
environments listed above will be the same as the proton 
atoms listed. 
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spin-spin coupling is present, Fig. A(1)b, the energy 
levels are perturbed and energies of levels with spins 
parallel to each other (aa and ) are raised and those 
with spins antiparallel to each other (ap andPa) are 
lowered. This produces two resonances for each nucleus 
resulting in a splitting of the peaks for each nucleus 





(a) UNCOUPLED NUCLEI 
	
(b) COUPLED NUCLEI 
SPECTRA 
B1+82 	A1+A2 
8281 	AZ Al 
I I - I I 
ENERGY (FREQUENCY) 
Fig. A(l). The Four Possible Spin States that exist for 
Two Coupled Nuclei A and B. 
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Spin-spin coupling can occur when magnetic nuclei 
are bonded together e.g. 13c- 1H or separated by more than 
one bond e.g. 1-H-C-C- 1H when the coupling is transmitted 
via intervening chemical bonds. 
The interactions between nuclei in an equivalent 
group (e.g. between the three protons of a methyl group) 
produces no observable splitting. When coupling occurs 
between more than two magnetic nuclei the splitting 
pattern can become complicated. However, where a nucleus 
is coupled to n equivalent nuclei of spin I this gives 
rise to 2n1+l peaks with relative intensities given by 
the binomial distribution. Thus a nucleus coupled to two 
equivalent nuclei of spin 1/2 would produce a triplet 
with intensities 1:3:3:1. 
In early nmr the spectrum was obtained by resonating 
different nuclei in turn by sweeping through a range of 
field strengths and plotting the signal strength against 
field strength. In modern nmr a method known as Fourier 
transform nmr is more commonly used. Here the 
radiofrequency is applied to the sample in short pulses, 
where the spread of frequencies (or bandwidth) is broad 
enough to resonate all the frequencies simultaneously 
rather than one by one. The response of nuclei to a 
radiofrequency pulse bears a fixed mathematical 
relationship to the more conventional spectrum obtained 
by continuous-wave nmr. Hence, by applying a fixed 
mathematical manipulation (known as Fourier 
transformation) a conventional nmr spectrum can be 
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obtained. 
The signal to noise ratio of spectra can be reduced 
by accumulating data from more radiofrequency pulses or 
'scans'. This leads to an improvement of the signal to 
noise ratio in spectra of /number of scans. Thus there is 
a point at which the advantage of extra resolution 
obtained from a greater number of scans is outweighed by 
the large number of additional scans required to provide 
this extra resolution. 
4.) Deuterium nmr. 
Deuterium has a spin quantum number of 1, giving 
rise to three possible spin orientations. However, 
transitions between these different orientations have the 
same energy (i.e. are degenerate) , which gives rise to a 
single peak for each nucleus. If deuterium atoms have 
replaced hydrogen atoms in a molecule those deuterium 
atoms are still surrounded by the same chemical 
environment as the original protons. Hence the chemical 
shift of deuterium atoms in a certain position within a 
molecule, detected by deuterium nmr, will be identical to 
a hydrogen atom in the same position in the molecule 
detected by proton nmr. For further information on nmr 
see Gadian (1984); Campbell and Dwek (1984) and Kemp 
(1986) 
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APPENDIX B - LABELLING OF FERULIC ACID BY A14ERSHM( 
INTERNATIONAL. 
Ferulic acid (100mg, from sigma Chemical Co., UK) 
was sent to Anersham International for tritium labelling 
by catalytic exchange. It was labelled by dissolving the 
ferulic acid in a solvent and adding tritiated water at a 
very high specific activity in the presence of a 
catalyst. This process yielded a total activity of 7.1Ci 
associated with the 100mg of starting material. A 400pCi 
aliquot containing 5.6mg of ferulic acid and dissolved in 
25ml of EtOH was supplied by Amersham International. 
The product of the labelling process was analysed by 
2D-TLC followed by autoradiography (see 2.7.1) and this 
showed that the product was very impure (see Fig. B(l)). 
The spot corresponding to ferulic acid is circled. It 
appeared that the ferulic acid had undergone substantial 
degradation during the labelling process as a myriad of 
labelled compounds were present. Two experiments were 
conducted to determine how impure the product was. 
1.) The first experiment was designed to determine how 
much radioactivity was present in ferulic acid. The 
labelling product (160pCi) was analysed by 2D-TLC (2.7.1) 
with lOpg of authentic ferulic acid added as a cold 
carrier and standard. The spot corresponding to ferulic 
acid was scraped off and the amount of radioactivity 
present estimated by liquid scintillation counting 
(2.7.3). The percentage of radioactivity estimated to be 
present in the spot containing ferulic acid was 0.05% of 
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the total radioactivity in the sample. Indeed, there may 
be even less radioactivity present in ferulic acid as so 
many compounds were present in the sample that some may 
be radioactive and co-elute with ferulic acid. This would 
cause an over estimation of the radioactivity present in 
ferulic acid. 
2.) It is possible that the impurities present in the 
labelled product are highly radioactive but compose only 
a small percentage of the sample by weight. Hence the 
second experiment was designed to determine if 
substantial amounts of ferulic acid remained undegraded. 
In the sample returned by Ainersham International, 
5.6mg of ferulic acid and its degradation products were 
present in the 25ml aliquot. The stain used in this study 
to detect phenolic compounds (1% w/v ferric chloride and 
0.5% w/v potassium ferricyanide) was estimated to detect 
lSng of ferulic acid. The labelling product was analysed 
by 2D-TLC; 90jil (1.44mCi, containing 20g of ferulic acid 
and its degradation products) was used. Standard ferulic 
acid was not added. No ferulic acid was detected by the 
stain indicating it was present in levels below lSng, 
i.e. less than 0.1% of the sample by weight. 
The sample was so impure that complete separation of 
ferulic acid from all other impurities may not occur in 
the experiments described. Hence, the amounts of ferulic 
acid present in the labelled sample are likely to be over 
estimated. From these experiments, it seemed unlikely 
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that substantial amounts of labelled ferulic acid could 







Fig. B(].). An Autoradiograph of the Labelled Product 
Received from Amersham International. 
Compounds were separated by 2D-TLC using benzene 
glacial AcOH (90:20) for the first dimension and 
iso-propanol : butanol : ammonia : H20 (60:20:10:10) 
second dimension. Total activity added was 160MCi and 
plate was exposed for two weeks. The spot corresponding 
to ferulic acid is circled. 
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